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INVESTIGATIONS OF HETEROGENEOUS LMFBR CORES 
WITH ALTERNATIVE FUEL CYCLES 
by J. M. Kallfelz, A. Livrieri and D. M. Rowland 
Progress Report for ORNL Subcontract 3986 
March 1978 
• Summary 
I. Relation of This Work to National and International 
' -Proliferation Studies  
Growing concern about the possible illegal use of civilian power 
reactor fuel for weapons material is reflected in current national and 
international reassessments of plutonium recycle and LMFBRs based on the 
plutonium cycle. Such a reassessment is included in the International 
Fuel Cycle Evaluation (INFCE), which was initiated in the fall of 1977 
and is scheduled to be completed in the fall of 1979. One of the tasks 
of this program is to evaluate various alternative fuel cycles and systems 
which are potentially more resistant to nuclear proliferation than a 
system of solely plutonium-fueled LMFBRs. 
The Nonproliferation Alternative Systems Assessment Program (NASAP) 
is a national program which provides technical support to INFCE and 
provides guidance for the future of nuclear energy development in the 
U. S. One of the significant sources of input to NASAP is the Thorium 
Assessment Program (TAP), under which the studies described in this progress 
report were funded. 
II. Areas Investigated  
Possible alternative fuel cycles involve the thorium/U-233 breeding 
cycle. In particular, systems involving "denatured" fresh fuel, which 
contains a mixture of U-233 and U-238, have been proposed as an alternate 
which makes recycled breeder fuel more proliferation resistant. A proposed 
scheme involving this cycle envisions secured energy centers subject to 
rigorous safeguards, which would 	the site for recycle facilities and 
"transmuter" reactors. These transmuter, or "inside", reactors burn 
Summary, page 2 • 	plutonium and breed U-233, while dispersed from the energy center are the 
"outside" reactors which operate on denatured fuel. At Oak Ridge National 
Laboratory, the characteristics of various "symbiotic" systems, involving 
different combinations of "inside" and "outside" reactor types, are being 
studied. The work covered in this progress report is part of investiga-
tions performed jointly at ORNL's Neutron Physics Division and the Georgia 
Institute of Technology, concerning the use of LMFBRs as the transmuter 
reactor or as both an inside and outside reactor type. 
"Heterogeneous" LMFBR designs, which have distinct fertile regions 
interspersed with fissile regions in the reactor core, have been proposed 
as a means of improving the breeding potential of certain types of LMFBRs. 
This improvement is particulary important for reactor systems based on 
alternative fuel cycles for which the doubling times are generally larger 
than for comparable reactors operating on the (U/Pu) cycle. Furthermore, 
we recognized that, compared to the standard "homogeneous" LMFBR, the 
heterogeneous design offers increased design flexibility allowing increased 
relative production of a particular fissile material, a distinct advantage 
for alternative fuel cycles. The goal of the studies at the Georgia Insti-
tute of Technology is to develop heterogeneous LMFBR designs appropriate 
for transmuter and denatured reactors, and to investigate their performance 
characteristics. Basic design assumptions for these reactors are compatible 
with those made for homogeneous LMFBR designs being studied at the Neutron 
Physics Division of ORNL, so that the performance indices of the two 
reactor types can be compared on a consistent basis. 
There are various conceivable combinations of fertile and fissile 
regions.possible for heterogeneous LMFBRs in a symbiotic system involving 
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alternative fuel cycles, and we have considered four basic types: 
1. A denatured heterogeneous reactor with (U-233/U-238)0 2 or 
(U-233/U-238/Th-232)0 2 fuel elements and Th02 elements in the internal 
and external fertile regions. 
2. A transmuter reactor with (Pu/U)02 fuel elements and Th02 
elements in the internal and external fertile regions. 
3. A transmuter'reactor like 2. except that (Pu/Th)02 fuel elements 
are used. 
4. A reference reactor operating only on the Pu/U cycle, with (Pu/U)02 
fuel elements and UO2 in the internal and external fertile zones. 
In developing the various designs for the heterogeneous reactors, a 
parameter of particular importance is the linear power distribution, which 
can not violate limits for the material being considered. Thus after 
picking a basic configuration, we investigated the influence of the 
fissile region widths on this distribution for the equilibrium cycle. 
From these investigations we picked the "best" models of those considered. 
A significant performance index is the "Compound Fissile Doubling 
Time" (CFDT), defined in a manner similar to that of the compound system 
doubling time for a single fuel cycle system. The CFDT is employed 
because in a symbiotic system some of the bred fissile material produced 
in a given reactor may not be used for recycle in that reactor. We studied 
the influence of the fissile region widths on the CFDT, and compared the 
values of CFDT for the various fuel cycles. 
Results for the equilibrium cycle are quite significant for an inves-
tigation of reactor performance, but true equilibrium cycle calculations 
can be rather time-consuming and costly. We therefore investigated the 
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Europe to save time and expense, which uses an extended first-cycle 
calculation to determine approximate results for the equilibrium cycle. 
In particular, we investigated quasi-equilibrium cycle results for 
linear power distributions and fissile production. 
We have studied some of the basic characteristics of heterogeneous 
cores and how they differ from those of homogeneous designs, such as 
neutron energy spectrum changes between the core fissile and fertile 
regions for the former. Furthermore, we studied various miscellaneous 
topics related to our models and methods, such as control rod influence 
and the breeding chain definition, as described in this report. 
For all models studied, we analyzed the significant performance 
parameters and reported the detailed results to the Neutron Physics 
Division at ORNL, providing input to the studies of symbiotic systems 
being performed at the laboratory. 
III. Summary of Principal Results 
1. For initial studies, the quasi-equilibrium cycle approximation is 
adequate for determining most significant performance parameters of the 
equilibrium cycle. 
2. The base model used for most of these studies had four concentric 
regions of fissile material, separated by single rows of fertile elements. 
The three inner fissile regions were two rows, while the outer fissile 
region contained three rows. To obtain a design for which the maximum 
linear power was close to the limit for the various materials, fissile 
elements were replaced with fertile elements, reducing the effective 
fissile region widths in r- z geometry. The amount of allowable reduction 
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depended on the driver material. For the cases considered, the best 
results were obtained for a.reduction in all fissile region widths of 
about 25% and 15%, for the denatured reactors and plutonium fueled 
reactors, respectively. 
3. The models with the best power distribution for the beginning 
of the first cycle had distributions that were too skewed by the end of 
the equilibrium cycle. The equilibrium cycle results were used to 
determine the best models, since the power distribution for the first 
cycle could be adjusted by various means, e.g. control rod or fuel 
positioning. 
4. For fissile element width reductions up to about 15%, the influence 
on the CFDT was small. A reduction of 25% led to an increase in the CFDT 
of about 15% for the denatured case. Thus, for the cases studied, the 
denatured model which was "best" with respect to the number of fissile 
elements does not have the best CFDT. 
5. For our models, the following rough values of the CFDT were 
determined for the various heterogeneous LMFBR types: 
a. Denatured 	 24 years 
b. Transmuter with (Pu/U)02 fuel and 	17 years 
Th02 fertile elements 
c. Transmuter with (Pu/Th)02 fuel and 	33 years 
Th02 fertile elements 
d. Reference reactor with (Pu/U)02 fuel 	13 years 
and U 02 fertile elements 
6. One of the significant advantages of a heterogeneous core design 
is the increased design flexibility to influence the components of the 
bred fissile material, compared to a homogeneous design. For many cases 
the heterogeneous reactor has a lower CFDT. Even if for some cases, 
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depending on the cycle, fuel pin size and associated fuel vo -Ame fraction, 
the CFDT for the heterogeneous and homogeneous cases may be about the 
same, the production of the desired fissile element may be appreciably 
greater for the former case. For instance, for the case of a transmuter 
reactor with (Pu/U)0 2 fuel and Th0 2 fertile regions, the U-233 produc-
tion for the heterogeneous reactor is about three times that for the 
homogeneous case. 
7. The design flexibility of the heterogeneous core has a related 
advantage with regard to materials. An obviously desirable characteristic 
of a transmuter is a high U-233 production rate. A homogeneous trans-
muter with (Pu/U)0 2 drivers might have an inadequate U-233 production 
rate. However, based on the discussion in the previous paragraph, this 
production rate might be adequate for a heterogeneous reactor with (Pu/U)02 
fuel and Th02 fertile regions. Thus, the heterogeneous transmuter 
design might alleviate the necessity to use (Pu/U/Th)02 or (Pu/Th)02 
fuels, wh,2•, properties are presently not nearly as well understood as 
those of the standard (Pu/U)02 fuels. 
IV. Future Work  
The goal of future work on this project will be to obtain a more 
detailed knowledge of the performance characteristics of heterogeneous 
LMFBRs operating on alternative fuel cycles, and to make appropriate design 
changes to improve the models being used for studies of symbiotic systems. 
We will consider such topics as transport effects, different heterogeneous 
configurations, and the influence of fuel pin size. 
For the future studies particular attention will be given to utilizing 
and incorporai- ing relat , :d information which has become available r 	—ly 
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or should be available in the near future. We will assess the impact of 
•new nuclear data, based on recent and on-going evaluations, for reactions 
significant to the thorium/U-233 cycle. Further, we will consider the 
results of the Proliferation-Resistant LMFBR Core Design Study (PRLCDS) 
as they become available, to determine how the design information from 
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1. Introcuction  
GrowLng concern about the possible illegal use of reactor fuel for 
weanpns uaterial is reflected in current national and international 
reas. ess lent of plutonium recycle and LMFBRs based on the plutonium 
cycle. There is increasing interest in possible alternative fuel cycles, 
involving the Th-232/U-233 breeding cycle. In particular the "denatured" 
(U-233/U-238/Th-232) fuel cycle has been proposed as an alternate which 
would make recycled breeder fuel more proliferation resistant. A pro-
posed scheme involving this cycle envisions secured energy centers 
subject to rigorous safeguards. Such centers would be the sites for 
recycle facilities and "transmuter" reactors, which burn plutonium and 
produce U-233. Appendix III of this report gives a further discussion of 
these alternative fuel cycles. 
This progress report covers the March 1978 status of investigations 
performed under ORNL subcontract 3986 at the Georgia Institute of Technology. 
This work involved studies of "heterogeneous" core designs for LMFBRs 
operating on various alternative fuel cycles, for both denatured and 
transmuter reactors. Heterogeneous LMFBR designs, which have distinct 
fertile regions interspersed with fissile regions in the core, have been 
proposed as a means of improving the breeding potential of LMFBRs. This 
improvement is particularly important for alternative fuel cycles, as 
discussed in Appendix III. 
Several of the project participants at Georgia Tech have participated 
in previous studies of heterogeneous core designs in Europe, including 
investigations of a possible advanced core for Superphenix type LMFBRs. 
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Thus in the joint studies with ORNL of alternative fuel cycles for 
LMFBRs, the work at Georgia Tech concentrated on heterogeneous designs 
which were compatible with homogeneous LMFBR designs being investigated 
at ORNL. These joint studies were closely coordinated to insure that 
the studies at the two sites made compatible design assumptions, so 
that the heterogeneous and homogeneous design performance indices could 
be compared on a consistent basis. This consistency was further en-
hanced by the fact that the calculations at Georgia Tech were performed 
on the ORNL computer using campus remote terminal facilities. Thus 
the same codes and basic data were employed in the studies at both sites. 
2-1 
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2. Methods and Models Used  
2.1. Cross Sections and Codes  
The multigroup cross section sets used were generated at ORNL with 
the code system MINX/SPHINX/AMPX [24-26] and ENDF/B-IV input data, with 
the exception of the generalized perturbation theory calculations de-
scribed in section 5.2. For the later calculations, the twenty-six 
group "Bondarenko" cross section set [27,28] was used. For the "NIRA" 
models described in section 2.2.1., the ENDF/B-IV cross section set 
utilized had five groups, while for all other calculations except those 
for generalized perturbation theory a nine group ENDF/B-IV set was 
employed. 
The results reported here for reactor performance parameters were 
calculated with the diffusion theory code CITATION [29] using a two-
dimensional cylindrical model. 1-a generalized perturbation theory 
calculations were performed with the one-dimensional diffusion theory 
codes MAIM [30] and CIAP-1D [31]. 
2.2. Reactor Models  
2.2.1. Models Based on NIRA Investigations  
For the initial scoping investigations performed under this sub-
contract, the reactor models used were based on those used for previous 
studies by the project director and co-workers at NIRA [9-11,32]. Many 
of the basic parameters for this model, e.g. the fuel pellet diameter of 
5.5 mm, the core height of 100 cm, and the volume fractions for the fuel 
and radial blanket elements, are as in the French study [12]. The ef-
fective annulus thicknesses of 11.2 cm used for the various rows corre-
spondsroughly to the size of the fuel elements for the Phenix reactor. 
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NIRA models 1 and 2 differed only in the composition of the core fertile 
regions, which corresponds to that of the axial and radial blankets, 
respectively. For our calculations we did not include control regions, 
and the stainless steel concentration was approximately one half of its 
true value to compensate for an error in the steel cross sections for 
the five group cross section set. This error was discovered after our 
initial calculations gave poor comparison with results from NIRA, as 
discussed in Section 6.1. 
For this model, a 300 day full-power cycle (capacity factor of 
0.82 and annual refuelling) was assumed. The thermal power was 3000 MWth, 
a value often assumed by the French for a 1200 MWe reactor. It was 
assumed that capture gamma energy is approximately 6% of the total, so 
the assumed power from fission was 2835 MWth. 
The figure on page 111-24 gives the general layout of this model, 
and a detailed description thereof has been reported in references 2 
and 4. 
2.2.2. Models Based on GE LCCEWG Homogeneous Model  
To facilitate comparison of results for our heterogeneous core 
studies and the homogeneous core investigations performed at ORNL, we 
used a model based on the fuel and fertile elements of the homogeneous 
core models. These elements are those defined by GE for use in a study 
of the "Large Core Code Evaluation Working Group" (LCCEWG)[13]. 
For the base models, the distribution of fissile and fertile rows 
in the reactor was assumed to be the same as that for the NIRA model, 
but the annuli thicknesses and core volume were greater than for the 
NIRA model because the elements of the GE reactor were 13.9 cm flat-to-
flat. 
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Total thermal power for this model was 3085 MWth, as prescribed by 
GE [13]. The assumed capacity factor was 0.75, corresponding to 273 
full power days per cycle for annual refuelling. 
Control elements and channels were not included in most of our 
runs for this model; the influence of this fact is discussed in Section 6.2. 
The details of this model have been previously reported [4], and 
are described in Appendix IV. 
2.3. Burn-Up Models: First Cycle, Quasi-Equilibrium Cycle, and  
Equilibrium Cycle  
For the initial calculations of all models, burn-up was considered 
for the first cycle. The equilibrium cycle, which has different para-
meters from those of the first cycle, is of more interest. 
To obtain detailed and precise values for the equilibrium cycle 
requires a fairly long and complicated series of iterative runs, using 
methods developed by Tom Burns at ORNL. To obtain approximate results 
for the equilibrium cycle we used a method often employed by the French 
for scoping investigations, the "quasi-equilibrium" cycle method. 
This method assumes that the same percentage of elements is replaced 
at the end of each cycle for all types of elements. To illustrate the 
method, consider an annual cycle, with 75% capacity factor and refuelling 
of half of all elements each cycle. The cycle length is then 273 full-
power days, and at the beginning of the cycle the average burn-iip time 
of all elements (50% fresh and 50% with 273 day burn-up) is 136.5 days. 
At the end of this cycle, the average burn-up time is 409.5 days. 
Assuming linearity, approximate values for the real cycle can be obtained 
by starting with a fresh core and burning to 409.5 days, then using 
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the values at 136.5 days and 409.5 days for the BOC and EOC values of 
the "quasi-equilibrium" cycle. 
This technique was used for many of the reactor models that seemed 
promising. The corresponding runs have .546 in their designation (e.g., 
see runs 7G and 7H in Appendix I). The BOC and EOC power distributions 
plotted for these runs in Appendix II are for the quasi-equilibrium cycle. 
In sections 3.2 and 4.3 below, we will see that the "quasi-equili-
brium" cycle results for many parameters of interest compare well with 
those of a "true" equilibrium cycle run performed at ORNL. 
Considering the breeding "chain", for all runs reported here we 
have assumed a "short" chain, unless noted otherwise. This "short" chain 
assumes that all Th 232 and U238 capture leads to U233 and Pu239,  respec-
tively. All intermediate isotopes (e.g. Pa233, Np239)  are ignored, and 
only Th232, U233 ,  U238, and Pu isotopes 239-242 are considered. 
For several cases we utilized an ORNL set of approximate cross 
sections which contains many of the neglected isotopes, and performed 
calculations with the "short" chain and a more complicated breeding chain. 
The results of these calculations are discussed in section 6.3. 
2.4. Methods Used to Optimize Power Distribution  
Many of the "base" cases (i.e., for the geometry described in 
Appendix IV) for the models based on the GE LCCEWG reactor have a fairly 
flat first cycle power distribution, but a P 	appreciably lower than 
max 
the maximum value. Based on economic grounds and other considerations, 
for an optimized reactor the number of fuel elements should be the 
minimum consistent with the linear power limit; thus our base models have 
too many fuel elements. 
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A parametric study of the influence of reduced fissile element 
volume was performed by first reducing the width of all fissile element 
annuli the same percent, while increasing the width of the neighboring 
fertile elements to keep the outer radius of the radial blanket constant. 
For this change, the radial distance from the core center of the center 
of each fertile and fissile zone was not changed. The change was per-
formed in this way because the volume equivalence between the true 
hexagonal case and the annular (r-z) case is simple; this change is 
equivalent to replacing a certain number of fuel elements with fertile 
elements, keeping the total number of element rows in the reactor 
constant. 
The question of the neutronic equivalence of the (r-z) model and the 
true hexagonal geometry is, of course, a problem not unique to hetero-
geneous reactors, although for some heterogeneous reactor designs 
localized changes in the composition of a hexagonal row may occur more 
often than for a homogeneous reactor. 
Tom Burns has indicated that for a heterogeneous GCFR, values from 
2-D (r-z) and 3-D (hex) calculations at ORNL are practically the same 
for many significant parameters (keff ,m 
	power density, fissile en- 
richment, total breeding ratio, U233 breeding ratio, etc.). For a 
detailed design some 3-D hexagonal calculations are needed, but for 
our parametric studies we feel that r-z models are adequate. Such 2-D 
models were used in the LHRFDS investigations [14,33]. Furthermore, the 
actual heterogeneous reactors corresponding to our (r-z) models would 
have a slightly di:.ferent layout than that shown in Appendix III, e.g. 
the corners of the hexagonal internal fertile rows might contain control 
as fuel elements 133]. 
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For the uniform percent reduction in the widths of all fissile 
regions, the BOC power distribution for the initial cycle became more 
"skewed" (Proportionally higher in the outer fissile ring). This led 
in some cases to BOC P
max 
values which exceeded the limits discussed 
in section 3.1. Hence, we investigated the influence of a further 
reduction in the width of just the outer fissile ring. The percent values 
reported for this change in Table V are in percent of this ring width 
after the initial change, e.g. for case UUTGCS the width of the outer 
fissile ring is (0.95) (0.90) of its value for the base case, UUTGXS. 
For this second change, no change was made in the width of the fertile 
regions, so the radial blanket outer radius decreases. 
The only exception to the above described procedure of changing 
region widths was for model UUTGXD.546, which used a dimension search 
to obtain the desired k
eff 
at BOL; see the description of Run 7J in 
Appendix I. 
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3. 	Power Density  
In this section, we discuss the maximum linear power for various 
fissile and fertile pins, the relationship between power density distri-
butions for equilibrium, quasi-equilibrium and equilibrium cycles, and 
the dependence of the power density distribution on the fissile region 
widths. 
3.1 Maximum Linear Power, "Optimum" Power Density Distribution  
The information on this parameter is rather sparse for some of the 
mixed oxides we have used, but for mixed (Pu/U)0
2 
a value of 16 kW/ft 
(530 w/cm) is typical [14]. Reference [15] mentions the "higher thermal 
conductivity and higher melting temperature of (U/Th)0
2 
relative to 
(U/Pu)02, and for one design reports a maximum linear power of 21.3 kW/ft 





also have superior thermal characteristics compared 
to mixed (Pu/U)0 2 oxides, and a 20 kW/ft limit is stated in Ref. [15] 
for UO
2 
radial blanket pins, while for one CRBR design a peak linear 
power of 24.4 kW/ft for Th0
2 
radial blanket pins is reported. The higher 
values for the blanket pins can be partially caused by differences in 
the pellet-clad gap compared to the fuel pins [17], but it appears that 
for our "denatured"fuel pins of mixed (U 233 /U233 /Th)0
2' 
 a maximum linear 
power of about 20 kW/ft is not excessive. For (Pu/Th)0 2 , we have not 
found any definitive values, (Sehgal et al. [16] report that the thermal 
conductivity of this material is "unavailable"), but based on the above 
figures it seems likely that its limit is higher than for (Pu/U)02. 
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To determine the maximum nominal linear power resulting from a 
reactor calculation, the above figures should be reduced to allow for 3a 
uncertainties and 15% overpower [14]. This typically amounts to about 
a 25% reduction [18]. 
For (Pu/U)0 2, assuming a maximum linear power of 530 w/cm, the 
cross sectional area associated with a fuel element of 167.2 cm 2 , and 
271 pins/asby, we calculate a maximum power density of 858 w/cm 3 , or 
a nominal value of about 690 w/cm 3 allowing about a 25% reduction 
for 15% overpower and 3a calculational error. This doesn't include the 
small decrease due to the fact that 19 elements are control. Further, 
CITATION power densities do not include the = 6.5% capture gamma contri-
bution, but the gamma energy (including fission gammas) deposition is 
obviously not all in the pins. 
For (U233 /U238 /Th)02, based on the above assumptions the corresponding 
maximum nominal value is around 850 w/cm 3 . 
Recent results from the "Proliferation-Resistant LMFBR Core Design 
Studies" (PRLCDS)[21] indicate that advanced fuel pins may have a 
higher allowable maximum linear power than that indicated above. For 






respectively [22]. These values 
include 15% overpower and 12% uncertainty components. 
However, Doug Selby has indicated that the grounds for these values 
are not quite clear [23]. They are at any rate for an advanced fuel 




238 case) than those of our model (.26 in. See page III-
18), and have the advanced D-9 alloy for the clad. Because of the 
3-3 - 
better performance of D-9 (an improved SS 316 with an increased silicon 
content) the clad thickness can be reduced, giving better heat transfer 
to the pellet. 
Doug indicated (22) that WARD is performing power-to-melt (P m) 
calculations for this advanced pin, and came to the following results 
for (Pu/U)02 : 
Pin OD (in) 0.27 0.29 0.31 
P
m 
(kw/ft) 18 18.5 19 
Doug believes that WARD is now performing such calculations for 
other fuel element constituents. 
Given the preliminary nature of these PRLCDS results, we have used 
the more conservative limits discussed at the beginning of this section 
when evaluating our results. However, if further studies confirm 
conclusively that higher limits are possible, we should use this informa-
tion in our future studies. 
Results for maximum power densities at various times during the 
cycle are given in Appendix I, while Appendix II reports the detailed 
power distribution for selected cases. We will discuss below methods to 
improve the distribution of the base cases for the GE models, and the 
elimination of cases which violate power distribution restrictions. 
Criteria for the "optimum" power distribution are not well defined. 
While a fairly flat curve for the power distribution in the various 
fissile regions (i.e. approximately the same maximum value in each 
region) is desirable, heterogeneous cores have a tendency to change this 
distribution appreciably during the cycle. Thus, a distribution which 
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is quite "skewed" at the beginning of the cycle (BOC) may be fairly flat 
at the end of the cycle (EOC). (E.g., see Run No. 4D, Appendix II.) 
Furthermore, the equilibrium cycle distribution will be somewhat different 
from the initial cycle. The general trend is for the power density in 
regions which initially have a high power and, therefore, a high flux 
level, to reduce in magnitude relative to this density in the other 
regions, as burnup progresses. 
The "optimum" distribution is, of course, a complicated function of 
many neutronic,thermal and hydraulic parameters related to performance 
and safety. For their participation in the LHRFDS [14], ANL investigators 
chose the following criteria: "The EOEC peak to average ratios have 
been determined from equilibrium cycle burnup calculations where the feed 
enrichments were adjusted such that at the end of the cycle the power 
peaks in the core enrichment zones were the same." [13] This criteria 
puts the emphasis on the EOC power distribution, presumably due in part 
to the more stringent restrictions on fuel pin performance at increased 
irradiation time. However, this requirement can require a fairly 
"skewed" distribution at BOC (see again Run 4D, Appendix II.) 
The HEDL participants in the LHRFDS study [14] used the following 
criteria: "The power distribution shall be reasonably flattened during 
the equilibrium cycle." [19] This criteria implies a time-averaged 
power distribution for the cycle which is fairly flat. It has the advan-
tage that for the models we investigated, the distribution is generally 
less "skewed" at BOC than it would be for the previous criteria. 
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3.2 Relationship between Power Density Distributions for the Initial  
Cycle, Quasi-Equilibrium Cycle and Equilibrium Cycle  
Based on the discussion in Section 3.1, it is apparent that since 
the initial cycle calculation is much simpler than that for the equilib-
rium cycle, it would be useful to have information on the change in the 
power density distribution between the former and latter cycles. 
Furthermore, for all but one class of reactors (the denatured UUT case), 
we have only performed "quasi-equilibrium" cycle calculations, as dis-
cussed in Section 2.3. Thus, an indication of the difference in the 
power distributions for the quasi-equilibrium and equilibrium cases is 
desirable; we will address this question first. 
Figure 3.1 gives a comparison of the power distribution for a 
and an 
quasi-equilibriumA equilibrium cycle for model UUTGD (Runs 7H and 71 
of Appendix I). As can be seen, the agreement in the core for the two 
cases is quite good, there being a maximum difference (at BOC) of less 
than 9%. The true equilibrium cycle is slightly less "skewed" at BOC 
than the quasi-equilibrium cycle, as illustrated in the associated curves 
of Appendix II. 
Figure 3.2 illustrates that the BOC "skew", shown in the curves for 
Runs 7E and 7H of Appendix II and indicated by Pmax (outer fissile ring)/ 
Pmax (inner fissile ring), is reduced by about 40% between the initial 
and quasi-equilibrium cycles. The EOC skew, in the opposite direction 
from that for the BOC, is in fact worse for the quasi-equilibrium cycle. 
Thus, a model with an appreciable power distribution skew for the first 
cycle can still have an acceptable equilibrium cycle power distribution. 
1 
Figure 3.1. Comparison of the Power Distribution 
in the Core Regions for a Quasi-Equilibrium 
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Figure 3.2. Comparison of the Power Distribution 
of an Initial Cycle (A) and a 
Quasi-Equilibrium Cycle (B). 
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3.3 Influence of Fissile Region Widths on Power Distribution  
Many of the base cases reported in Appendix I have a fairly flat 
initial cycle power distribution, but a Pmax appreciably lower than the 
maximum value, indicating that the model has too many fissile elements. 
E.g., see Run 4A of Appendix I, for PUUGX. Pmax during the cycle is 
539 w/cc, well below the limit of 690 w/cc mentioned in Section 3.1. 
Thus, as described in Section 2.4, we studied the influence of reducing 
the fissile element volume. 
The first change we considered was a constant percent decrease in 
the width (and volume) of all fissile rings. Table 3.1 illustrates 
that for the BOC values the percent increase in Pmax was appreciably 
greater than the percent volume decrease; between cases UUTGX and UUTGB 
these changes were +57% and -25%, respectively. This reflects the fact 
that the BOC power distribution becomes not only greater in magnitude, 
but is also more skewed (proportionally higher in the outer fissile 
ring). This is caused in part by the associated increase in core fertile 
regions to keep the outer radius of the core constant. Both the size of 
the outer fissile region and that of the inner fertile region have a 
strong influence on the amount of "skew." 
Figure 3.3 illustrates that the curves for Pmax change versus 
fissile volume change behave about the same for both the UUT and PUU 
classes of reactors. Furthermore, it should be noted that the volume 
change has a much smaller influence on Pmax at EOC than at BOC. 
The increased BOC power distribution skew for a uniform percent 
change in the width of all fissile elements led in some cases to BOC 
Pmax values which exceeded the limits discussed in Section 3,1, For 
Table 3.1 Maximum Power Density for Base Cases (--X--' and Models 
with 10% and 25% Reduction in the Fissile Annuli Widths 
Typea Pmax (w/cc Fissile Region No. Pmax 	(w/cc 	Fissile Region No. 
(B.O.C.) (E.O.C.) 

















UUTGAS.273 655 576 
UUTGBS.273 873 639 
PUUGXS.273 514 	' 539 
PUUGAS.273 609 548 
PUUGBS.273 812 597 





PTTGXS.273 566 551 
PTTGAS.273 684 558 
PTTGBS.273 925 
a. Cases ..A.. and ..B.. have a 10% and 25% reduction, respectively, 
in the thickness of all fissile annuli of Case ..X.. 
b. Fissile regions are numbered from the core center. 
Figure 3.3. Influence of an equal Per Cent Change 











-5% 	 • -10% 	 -15% 	 -20% 	 -252, AV% 
3-7 . 
example, note the results for case PUUGBS.273 in Table 3.1 and run No. 
4C of Appendix II. Hence, the next logical step was to investigate the 
influence of reducing the width of just the outer fissile ring. 
The influence of such a change for a typical case can be seen in 
Fig. 3.4. As expected, a reduction in the outer ring size decreases 
Pmax , which occurs in this ring. This is accomplished even though the 
total fuel volume is decreased, because the degree of skew is decreased, 
with the power density in the inner fissile rings increasing. As for 
the previous changes, the reduction in the outer fissile ring width had 
. a stronger overall influence on the power distribution at BOC than at 
EOC; at the later time, the influence of changes made at BOC tend to be 
compensated during burn-up. 
Table V on the last page of this report gives a summary of the 
various changes in fissile region widths which were considered in this 
study. 
•■•■∎ 	ammm. 
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Figure 3.4. Influence on the Power Distribution at a 
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3.4. Cases Which Violate Power Density Distribution Limitations;  
Selection of "Best" Models  
Considering the runs for the initial cycle (all those with a 
designation ending with .273), the models based on the GE reactor 
with a constant fissile width reduction of -10% (class A) and -25% 
(class B), have BOC distributions which are too skewed, with the 
power density relatively large on the outer fissile annulus. The 
latter class has P 	values in the outer fissile annulus which 
max 
exceed considerably the Pmax limitations. We have chosen these 
limits as 690 w/cc, 700 w/cc and 850 w/cc for (Pu/U)02, (Pu/Th)02 
and (U233 /u238)02  respectively, based on the discussion in section 
3.1. For example, the following values are the BOC P
max 
values for 
the indicated runs: 
PUUGBS.273 	812 w/cc 
PUTGBS.273 	986 w/cc 
PTTGBS.273 	925 w/cc 
UUTGBS.273 	873 w/cc 
Based on the above results, we chose the models which had a 
further 5% reduction in the outer fissile ring width (generally 
classes C and D) for the calculation of the quasi-equilibrium cycle; 
these cases did not have badly skewed BOC power distributions for the 
initial cycle. 
However, comparison of the initial and quasi-equilibrium cycle 
results showed that for the latter case the power in the outer and 
inner rings was decreased and increased, respectively, compared to 
former case (see figure 3.2). Thus, the quasi-equilibrium EOC power 
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distributions were badly skewed, with the inner fissile ring power 
too high, for with an added reduction in the outer fissile annulus 
width, as illustrated by the results shown in Appendix II (runs 
with a designation ending .546). 
Considering the above, with regard to the equilibrium power 
distributions the models of class A and B are the "best" of the 
cases considered. Their skewed BOC distributions for the initial  
cycle can presumably be improved by "shaping" with control rods. 
The actual amount of constant width reduction for the "best" model 
depends on the type fuel used. The EOC skew should not be too 
great, and the limits for the maximum power density of that fuel 
should not be exceeded. For the UUT cases, the model with a 25% 
fissile width reduction meets these criterea; see the results for 
UUTGBS.546, Run 7G, in Appendices I and II. For the (Pu/U)02 cases 
the P
max limit is exceeded for a 25% fissile width reduction, and the 
intermediate constant reduction value of 16% as in case PUUGCS.273 
apparently gives the "best" results of the cases considered. 
Table 4.1. Variation in Breeding Ratio for Two Reactors of the Same Type, 	a 













UUTGDS 1.5 1.2 -0.037 -0.030 -0.0247 -0.0250 
PUUGDS 2.3 1.9 -0.062 -0.066 -0.0270 -0.0347 
PUTGCS 3.5 2.8 -0.091 -0.091 -0.0260 -0.0325 
PTTGCS 4.5 3.4 -0.097 -0.092 -0.0220 -0.0271 
a) i and f correspond to BOC and EOC values, reprectively. 
Table 4.2. Variations in the Fissile Production (PF) During a 273 Day Cycle 
for Two Reactors of the Same Type, Identical Except for the Fissile/Fertile 




UUTGDS.273 1.5 -30.9 -20.6 
PUUGDS.273 2.3 -50.5 -21.9 
PUTGCS.273 3.5 -75.1 -21.5 
PTTGCS.273 4.5 -87.2 -19.4 
4. Compound Fissile Doubling Time (CFDT) 
The designation of a compound fissile doubling time (CFDT) represents 
a modification in parameter definition necessitated by the alternative 
cycles. Since some of the bred fissile material produced in a given reactor 
may not be available for recycle in the reactor, the commonly used termin-
ology of a "reactor doubling time" is somewhat misleading. The designation 
of a compound fissile doubling time is employed to emphasize this difference. 
The parameter, however, is defined in a manner similar to that used for the 
compound system doubling time for a single fuel cycle system (e.g., Pu/U): 
CFDT = 
.  0.693 x (fissile mass, initial core + 1 reload)  
(0.98 cycle fissile discharge - cycle fissile charge) 
(4.1) 
The compound fissile doubling time is thus a measure of the rate of excess 
fissile production. The value of 0.98 used in E q . (2) represents a 
recovery factor (i.e., assumes 2% losses). We have further assumed that 
one reload is 1/2 an initial core. 
4.1 Correction of CFDT for Consistent k
eff 
for Various Cases  
As can be seen in Table 4.4,for the initial calculations the minimum 
k
eff 
during the cycle varied for the different cases. Since k
eff 
depends 
on the fissile/fertile ratio, a variance of this ratio to obtain a con- 
sistent minimum k
eff 
during the cycle will influence the associated breeding 
ratios and CFDT; thus, the calculated CFDT values for these cases, which 
vary considerably within a particular reactor class (e.g. PTT), cannot 
be compared without a correction for this influence. In the following 
we describe an approximate method for this correction, which for survey 
calculations negates the necessity to perform several iterative calculations 
to obtain the desired minimum k
eff 
Let us first consider the influence of a change in the initial k eff , 
Ak., (obtained by varying the fissile/fertile ratio in fissile regions) 
on the breeding ratio. Table 4.1 shows that the associated change in the 
initialbreedingratio,ABR.,has approximately the same dependence on 
Ak.forallthereactorclasses.Thevalueof(ABR/W.of -2.7% for the 
PUU models is consistent with values obtained at NIRA [1], which deter-
mined a value of -2.5% for this parameter for a similar model. 
Considering the PUUG--.273 cases, one can see the k i is 1.030 for 
all except the first 273 day "cycle" of PUUGDS.546, for which k i is 1.007. 
In the following discussion the values for the later cycle will bear the 
superscript 546, while the superscript 273 will indicate results from 
PUUGDS.273. The subscripts i and f have the significance given in Table 4.1. 
k 
273 - k. 546 










Where PF = Fissile production = 0.98 cycle fissile discharge - 
cycle fissile charge 





Repeating the same type calculation for cases in the other reactor 
classes, the values in Table 4.2 result. APF/Ak i% is approximately -20 
for all reactor types, and this value will be used in the following cal-
culations. 
Since the absolute value of k
eff 
is only significant to several percent 
for the cross sections and methods used, we will correct all cases to a 
minimum k
eff 
during the cycle of 1.005-1.006, since many of the cases 
have a minimum k
eff 
close to this range. Thus for the PUT and PTT 






= 1.006 and can estimate the desired 








Ak (f-i)  
PUUGDS.273 










If a linear relationship exists, we can write 
0.005/0.001 = -0.002/x 
Thusx=-0.004,k.=1.0064,andthe -desireda.%for case PUUGSX.273 is -2.3. 
1 	 1 
It follows that APF = -2.3.x - 20 = 46 kg. 
Repeating the calculation of Ak i for the other PUU cases, a value of 
approximately - 2.3 always results for Ak i%. 
Next we estimate the change in the initial core fissile mass. This 
calculation is illustrated by Table 4.3. 
Considering the results of Table 4.3, we have assumed that 
M
i -M!'
i 	= 75 for all cases. Thus referring to Eq. 4.1, the corrected 
Ak.% 
1 
CFDT value for case PUUGXS.273 is 
CFDT (Corrected) = 
[0.693 x 1.5 x (3781 + 574)] - M' -
i
x Ak.% 
i  	1 
Ak.% 
1 = 13.6 yrs 
([0.98 x (4245 + 478)] - (3781 + 574)) + APF x Ak.% 
Ak.% 
1 
Table 4.3. Variation in the Initial Core Fissile Mass for Two Reactors of  
the Same Type, Identical Except for the Fissile/Fertile Ratio in the  
Fissile Regions  





PUTGCS.273 (from 546) 
PTTGCS.273 
PTTGCS.273 (from 546) 
UUTGDS 




1 = 3564 




1 = 3855 
= 4485 
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To check the accuracy of this correction, we repeated cases 
PUUGXS.273 and PUUGCS.273 with ki such that kf was approximately 1.005, 
as shown in Table 4.4. The resulting CFDT from these runs are termed the 
"actual" values. The following table shows that the agreement between 
the approximate "corrected" values and the actual values is good. 
CFDT (years) 
Without 	Corrected 	Actual 
Correction 	Value 	Value 
PUUGXS.273 16.5 13.6 13.4 
PUUGCS.273 14.3 12.2 12.1 
In a similar manner, we corrected the CFDT for various cases. 
As can be seen in Table 4.4, the differences in the corrected values 
for the various cases in a particular reactor class are generally quite 
small, in contrast to the wide value spread before the correction was 
applied. 
In closing it should be pointed out that, while correcting to the same 
minimum k
eff 
during the cycle allows consistent comparison of cases within 
a reactor class (e.g. UUT), the bias in k
eff 
due to cross section errors 
is presumably different for different classes, due to their differing 
fissile and fertile constituents. However, not knowing the cross section 
errors and associated k
eff 
 bias, this comparison is the best we can 
accomplish between reactor classes. 
Table 4.4 Compound Fissile Doubling Time (CFDT) for Various Models 
	
DS.546 	1.005 	1.010 
XS.273 1.006 1.009 
CS.273 	1.008 	1.002 
PTTGXS.273 	1.030 	1.040 
AS.273 1.030 1.033 
CS.273 	1.030 	1.039 
CS.273 0.986 1.005 
DS.273 	1.030 	1.041 
CS.546 0.995 1.014 III * PUTGXS.273 	1.030 	1.034 
CS.273 1.030 1.033 
CS.273 	0.995 	1.005 











































































































TYPE 	B.O.C. 	E.O.C. 
UUTGXS.273 	1.030 	1.013 
AS.273 1.030 1.009 
CS.273 	1.030 	1.014 
DS.273 1.030 1.012 
DS.273 	1.015 	1.000 
ES.273 1.030 1.015 
BS.546 	1.032 	1.008 
DS.546 1.019 1.007 
DS.EQI 	1.012 	0.999 
PUUGXS.273 	1.030 	1.028 
AS.273 1.030 1.024 
CS.273 	1.030 	1.020 
DS.273 1.030 1.025 
DS.273 	1.007 	1.006 
ES.273 1.030 1.027 
a 	 . Values corrected approximately, as described in text, so that the minimum k eff 
during the cycle is = 1.005. 
*See note, page 4-8. 
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4.2. CFDT for Various Fissile Element Widths  
As discussed in section 4.1, we applied a correction to the.CFDT 
values for various runs to determine the approximate value for a minimum 
k
eff 
during the cycle of 1.005. The results are given in Table 4.4, 
which also contains values for many runs for which we did not apply a 
correction because the minimum keff 
during the run was not far from 
1.005. 
As has been previously noted, the differences in the CFDT values 
for different models in a particular reactor class are quite small, 
. when they are compared on the consistent basis that the minimum k
eff 
during the cycle is about 1.005. Within the order of accuracy of the 
correction described above, we can not determine any dependence of 
CFDT on the fissile width changes for most of the cases reported in 
Table 4.4., i.e. those involving the -10% and -16% width changes. This 
seems reasonable, considering that we kept the overall core radius 
constant or almost constant for most of our changes, increased the 
fertile volume as the volume of the fissile regions decreased, and in-
creased the fissile enrichment; thus the average core enrichment did 
not change greatly. 
As larger reductions are made in the fissile width, one might 
expect changes in the CFDT, because among other things the associated 
increase in fertile width can lead to appreciable flux depression in 
the fertile regions. This may explain the difference in the results 
for UUTGBS.546 and UUTGDS.546; the former case, which is for a 25% 
fissile width reduction, has an appreciably higher CFDT value. 
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4.3. Comparison of CFDT for Initial Cycle, Quasi-Equilibrium Cycle,  
and Equilibrium Cycle  
The results given in Appendix I are indicative of the differences 
in fissile mass change for the initial cycle and the quasi-equilibrium 
cycle. Comparison of the results for these two cycles for all the NIRA 
model runs, and for the GE models runs with .546 in their designation, 
indicates the relative shift from one fissile material to another during 
burnup, and the corresponding changes in the cycle production and burnup 
rates for the various isotopes. For example, note run 5F (a PUT model). 
The equilibrium cycle produces less U-233 than the initial cycle, but 
this effect is partially compensated by the fact that the former cycle 
also .burns up less Pu-239 and Pu-241. This is to be expected, as the 
equilibrium case has more U-233 and less Pu-239 present during the cycle 
than does the initial cycle. 
This comparison answers the question of interest, namely, can the 
initial cycle results be used to accurately predict the equilibrium cycle 
fissile mass balances for the various isotopes? The answer is no, as 
expected. Thus a comparison of the CFDT for the initial and quasi-
equilibrium cycles is somewhat academic. It should further be noted that 
the minimum k
eff values for the two cycles is generally different for the 
results reported, introducing the question of how this fact should be 
treated, in light of the discussion in section 4.1. 
Clearly the influence of the generally higher k eff values for the 
initial cycle depends on how this excess k
eff 
is controlled. If control 
rods perform this function, then the effect on the breeding ratio can be 
small. If one makes the questionable assumption that the enrichment of 
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the elements removed at the end of the initial cycle is reduced to reduce 
k
eff' then the influence is like that discussed in section 4.1. for 
comparison of various models. For this assumption the initial cycle 
CFDT values are 10%-20% lower than the quasi-equilibrium cycle values, 
as can be seen in Table 4.4. (e.g., compare the UUTDS.546 CFDT value with 
the corrected CFDT value of UUTGDS.273). 
To compare the results for a quasi-equilibrium and true equilibrium 
cycle, a run of the latter type was performed for model UUTGDS. by Tom 
Burns at ORNL, and is reported as run 71 in Appendices I and II. Tables 
4.5 and 4.6 compare the results of this run with a quasi-equilibrium run 
for the same model. 
As can be seen, the region-wise BOC and EOC inventories of all fissile 
isotopes are the same to within several percent for the two cases, with 
the exception of the radial blanket. For the latter region, six year 
residence time with annual refuelling of 1/6 of the elements was assumed; 
thus, its fissile charge should be higher than that of the quasi-equili-
brium cycle. 
As can be seen in Table 4.6, the region-wise results for the cycle 
production or burn-up of the various isotopes in the quasi-equilibrium 
cycle is within 2% of the results for the true equilibrium cycle, even 
for the radial blanket. Thus we conclude that for our scoping calculations, 
the quasi-equilibrium cycle runs are adequate to determine the fissile 
balances and CFDT of the equilibrium cycle. 
Table 4.5 
	
Comparison of Fissile Inventories for Equilibrium  































































U 235 39.6 
39.3 
// ///1 33.3 
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A 	Pu 239 +287.6 
+284.3 
+342.2 	-682.7 +65.9 +79.0 +177.2 
A 	U 233 
+345.8 	-696.9 +66.5 +78.8 +180.5 




Percent Error of "Quasi Equilibrium" Change in Cycle Inventory  




















A Pu 239 1.15 
A U 233 1.05 2.08 1.50 0.25 1.86 
A U 235 0.0 
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4.4. Comparison of CFDT Results for Various Alternative Fuel Cycles  
As noted already in section 4.1, correcting to the same minimum k eff 
 during the cycle allows consistent comparison of cases within a reactor 
class (e.g. UUT), but the bias in k
eff 
due to cross section errors is 
presumably different for various classes, due to their differing fissile and 
fertile constituents. However, not knowing the cross section errors, a 
comparison of various reactors for a minimum k
eff 
during the cycle of 1.0 
is the best we can accomplish. 
The results for the quasi-equilibrium cycle runs reported in Table 4.4 
all have minimum cycle k
eff 
values within about 0.5% of 1.0, and the results 
for the CFDT should be within several years of the values for a minimum k
eff 
of 1.0. Using the values in the table, we estimate the following rough 
values of the CFDT for our models and a minimum cycle k
eff 
of 1.0: 





Note: After preparation of this report, a small error was found in the 
concentration of U-238 in the fuel region for the PUT cases. Case 5F of 
Appendix I, model PUTGCS.546, was repeated with the correct U-238 concen-
tration, and the results are given as Run 5G of Appendix I. As can be 
seen, after the correction the fissile production and fissile mass are 
both reduced by a small amount. The CFDT for the corrected case is 18.1 
years, a 4.6% increase. The increase in the CFDT for all the PUT cases 
should be about this amount. 
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5. Characteristics of HeterogenE ...: Cores  
5.1. Problems of Comparison of Heterogeneous and Homogeneous Cores  
For various reasons, there is presently some debate about which 
homogeneous core model should be compared with a heterogeneous core 
design. Some aspects of this problem are evident from a survey of 
heterogeneous core references cited in Appendix III, as well as from the 
results of the LHRFDS study [14]. Various reasons for the problems 
involved in this comparison are discussed in Appendix III, starting on 
page 111-7. 
As discussed further on page 111-8 and 111-9, in this study we 
have employed the following procedure for comparing a homogeneous and 
heterogeneous design. First we have adopted a homogeneous design [13] 
that is typical for an LMFBR. The fertile and fissile elements of this 
of this design were then rearranged in heterogeneous designs to determine 
if the breeding potential is improved for some configuration. 
5.2 Generalized Perturbation Theory Calculations for Breeding Parameters  
Besides the increased fertile material fraction in the core that 
can be accomplished with a heterogeneous design, the space dependence 
of lib(E,r) can offer an advantage. We discuss in detail the reasons for 
this advantage in Appendix III, pages 111-8 and 111-9, where results 
are given of generalized perturbation theory calculations for a (Pu/U)0 2 
 fuelled heterogeneous reactor. These calculations give results for the 
* 
generalized importance function, IP (0, which is the importance of neutrons 
at r in energy group g to a given integral parameter. The results on 
page 111-24 indicate that (1)(E,r) varies in the core in just such a way 
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as is advantageous to the breeding ratio. There is a "hard" spectrum 
in the fissile regions and a "soft" spectrum in the fertile regions. 
U-233 has a different for for n(E) than that of Pu-239, and it 
is not clear if the spectrum form change offers an appreciable advantage 
in a U-233 fuelled reactor. Thus we have essentially repeated the 
generalized perturbation theory calculations of Appendix III for a 
denatured LMFBR, model UUTGDS. 
For these calculations we employed the 1D diffusion theory codes 
TAIM [30] and CLAP [31], and the Bondarenko cross section set [27,28]. 
* 
Results are reported in Figure 5-1 and Table 5-1, for IP defined for 
the breeding ratio of a 1D cylindrical reactor model. 
The results are quite similar to those for the (Pu/U)0
2 
system 
reported in Appendix III, i.e. 4(E) has relatively more high energy 
neutrons where they are more important to the breeding ratio, and more 
low energy neutrons where they have a greater importance. This is 
* 	* 
indicated in the curves of 4)15/4)5 and 11, 15 - 45 in Figure 5-1, where 
groups 5 and 15 are for high and low energies, respectively. Table 
5-1 gives the absolute values of (1)5 and 4)15, which must also be consid-
ered. 
This matter is still being investigated at Georgia Tech, since we 
have some inconsistent results. For the core internal breeding ratio (BI), 
* 	* 
the behavior of 4)15 - 31)5 is the opposite of that in Fig. 5-1. The 




general behavior of IP for BI and the breeding ratio was the same; 
thus we are further checking and analyzing these runs. 
Figure 5-1. Comparison of Radial Dependence of $ and the Generalizedg 
Adjoint Function Op ) for the Breeding Ratio of Model UUTGDS. at BOL. 
1D Cylinder Model with ABN Cross Sections (Boundaries of Group 5 and 15 are 
0.8 - 1.4 MeV and 0.465 - 1.0 keV, respectively) 
* 	* 
(4)15- I' S ) 
+ 2 .0 
+ 1 .0 
- 1 .0 
Table 5-1. Comparison of Radial Dependence of (I)  and the Generalized Adjoint Function Op  ) for the  
Breeding Ratio of Model UUTGDS. at BOL. 1D Cylinder Model with ABN Cross Sections (Boundaries of Group  










IP 15 - 1p 5 
0.0 1. Fert 11.27 12.87 0.876 +1.479 -0.486 +1.965 
31.8 2. Fiss 5.32 81.44 0.065 -3.400 -2.150 -1.250 
50.7 3. Fert 11.42 36.53 0.313 +0.232 ' 	-1.351 +1.583 
69.6 4. Fiss 6.22 95.59 0.065 -3.243 -2.003 -1.240 
88.5 5. Fert 13.20 -42.22 0.313 +0.459 -0.905 +1.364 
107.5 6. Fiss 7.22 110.08 0.066 -2.159 -1.068 -1.091 
126.9 7. Fert 15.83 47.73 0.332 +1.080 +0.211 +0.869 
150.9 8. Fiss 6.48 143.96 0.045 +0.137 +0.927 -0.790 
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5.3 Comparison of Some Results for Heterogeneous and Homogeneous Cases  
To investigate the influence of the heterogeneous design on the 
ratio of U-233 production to Pu-239 production for a denatured reactor, 
we performed a calculation of a 20% denatured reactor equivalent to 
one of Tom Burn's designs, in which we included 19 control rods with 
the same procedure used by Tom. Some results are reported as Case 6 
in Table III of our 21 June memo 15]. 
The total reactor U-233/Pu-239 production ratio is 2.27 for the 
heterogeneous design, compared to 2.05 for the homogeneous reactor. The 
average per atom ratio Th capture/U-238 capture for the core fissile 
and fertile regions is 1.27 for this heterogeneous case, compared to 
a value of 1.13 for the inner core of Tom's homogeneous case. The 
results apparently indicate the hoped-for benefit of an incresed 
U-233/Pu-239 production ratio for the heterogeneous cores, due to the 
spectral change between fertile and fissile regions for these reactors. 
Further comparison of results for heterogeneous and homogeneous 
designs are given in Appendix III, e.g. see the figures on page 111-26. 
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6. Summary of Other Topics Investigated  
6.1 Influence of Stainless Steel Cross Sections on Results  
The cases starting with numbers 1, 2 and 3 in Appendix I are 
based on the PIRA model from Ref.[11], rather than the GE LCCEWG me 
[13]. These cases were preliminary runs made at the beginning of 
project, to col :are with results of NIRA [11] for checking our methods 
and the preliminary ORNL five-group cross section set. 
As reported in [2], [3] and [4], the first calculations of these 
models indicated considerable discrepancy between the results with the 
NIRA and ORNL a sets, For models approximately the'same as those from 
the NIRA report [11], our calculations with the ORNL a set gave BOL k eff 
 and breeding ratio values which were lower than the NIRA results by 
about 2% and 10%, respectively [2]. 
Since at NIRA we got good agreement with independent calculations 
performed by the French at Cadarache, we suspected a possible error in 
the preliminary ORNL a set. To allow a direct regionwise comparison of 
reaction rates in various materials, we performed a CITATION run for a 
case identical to that of a NIRA model for which the complete output 
was available at Georgia Tech. As reported in [3] and [4], we found 
that the absorption in stainless steel with the ORNL cross section set 
was approximately 100% greater than for the NIRA results. 
Concurrently an error was found in the preliminary ORNL sigma set, 
and this error --as not present in the subsequent data sets, which we 
used for our calculations of the reactor types starting with the numbers 
4-7 in Appendix I. For types 1-3, the results in Appendix I are for 
the stainless steel concentration reduced by the factor 0.536, the ratio 
of overall stainless steel capture from NIRA and ORNL preliminary cross 
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section sets for the model discussed in [4]. With this correction the 
agreement between our results and those of NIRA was satisfactory. 
6.2 Influence of Including Control Rods and Channels in Calculation  
Our investigations did not include a determination of the reactivity 
control requirements, which would obviously be necessary to accurately 
determine the influence of the control assemblies on the results for 
the performance parameters of our designs. However, we did perform 
several calculations to give an indication of the impact of control rods, 
which were not included in our models. 
The determination of the amount of reactivity control necessary in-
volves fairly straightforward, but detailed calculations, as discussed 
in [18]. The French designs have an appreciable decrease in the number 
of control rods needed for a heterogeneous core compared to a homogeneous 
core. Even though the rods are generally worth less for the former case 
due to lower flux levels, this is more than compensated for by the tk/cycle 
reduction by about half for the heterogeneous core with its higher conversion 
ratio [12,34]. However, the HEDL level I results of the LHRFDS [19] had 
for the heterogeneous design about 50% more control rods than for the 
homogeneous case, while the GE level II results for the same study [33] 
had about the same number of control rods for both cases. For our cal-
culations we assumed the same number of control rods, 19, which was 
prescribed for the homogeneous case [13]. 
The rods were assumed to be withdrawn into the axial blanket. Since 
the adjustment of control rods during burnup results in expensive and 
detailed calculations it is common practice for scoping calculations to 
assume that the control rods are out of the core during burnup [11,18]. 
Furthermore, we performed a one-half reactor calculation, and used the 
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same method used by Tom Burns for including control, i.e., the 19 control 
rods were smeared uniformly over all core fissile and fertile regions, 
while the axial blanket had 19/2 control channels and 19/2 control rods 
smeared uniformly. This method probably overestimates the influence of 
the control in the axial balnket, since localized fuel rods have some 
spatial self-shielding. 
As discussed in [5], for a denatured reactor case the influence of 
adding the control as described above to a model which neglected control 
was fairly small. For this change, the breeding ratio dropped from 1.19 
to 1.17, for an enrichment search to the same k
eff 
for both cases. As 
the models are refined the influence of control should be investigated 
further. 
6.3 Simple and Detailed Breeding Chains  
For the calculation's reported in Appendix I, we have assumed that all 
Th-232 capture leads to U-233 production. This is a slight approximation, 
due to the 27 day half-life of the intermediate isotope, Pa-233, as well 
as several other details of the breeding chain which have been neglected. 
To investigate the influence of this approximation, we performed 
several calculations of cycles with the "detailed" breeding chain, taken 
from one of Tom Burns' runs and shown in Fig. 6-1, as well as with two 
approximations. These calculations were performed with a preliminary 
cross section set which contained data for the necessary isotopes; 
therefore, the results can not be compared directly with those of Appendix 
I, but are of interest to determine relative changes. 
The first case we considered was that of a denatured model, UUTGDS., 
with the detailed breeding chain. Comparison of the results, given in 
Table 6-1, with those of Table 6-2 for the same case using the "short" 
32. 
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FIG. 6-1. Detailed Breeding Chain 
TABLE 6-1 
Results for UUTGDS.546 for Detailed Breeding Chain, BOC k eff= 1.03 
Cycle Days 0 136.5 273 409.5 
K eff 1.030 1.010 1.001 0.996 
Pmax (W/cc) 703 630 653 691 
Fissile Mass (FM) 	[Kg] 
U-233 4051 3928 3921 3929 
U-235 43 40 37 36 
Pu-239 150 296 430 
Pa-233 109 114 115 
Np-239 4 4 4 
(a) FM(409.5)-11(136.5) 	[Kg] 
(b) FM(273) - FM(0) 	[Kg] 
(b) (a) 
U-233 -130 + 	1 
U-235 - 	6 - 4 
Pu-239 +296 +280 
Pa-233 +114 + 	6 
Np-239 + 	4 0 
TOTAL +278 +283 
U-233 -130 + 	1 
Pa-233 +114 + 6 
TOTAL - 16 + 	7 
1 
TABLE 6-2 
Results for UUTGDS.546 for Simple Breeding Chain, BOC k eff= 1.03 
Cycle Days 0 136.5 273 409.5 
Keff 
1.030 1.018 1.011 1.006 
Pmax 
(W/cc) 703 628 664 702 
Fissile Mass (FM) 	[Kg] 
U-233 4051 4034 4028 4030 
U-235 43 39 36 33 
Pu-239 154 298 430 
(a) FM(409.5)-FM(136.5) 	[Kg] 






U-235 - 	7 - 6 
Pu-239 +298 +276 
TOTAL +268 +266 
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chain (which includes only Th-232 and U-233 in the thorium chain, and 
U-238 and isotopes 239-242 of plutonium in the U/Pu chain) seems to 
indicate that for the former case the U-233 production is higher: 
However, this is not a fair comparison, for while both these cases had 




value is lower for the former case. 
As discussed in section 4., cases should be compared for the same mini-
mum k
eff 
during the cycle. 
Table 6-3 gives results for the detailed breeding chain, with the 
BOC k
eff 
increased by enrichment so that the EOC k
eff is approximately 
the same as for the case with the short chain. These results indicate 
that, as expected, there is slightly less U-233 production for the 
forMer case. For the quasi-equilibrium cycle, the difference between 
the EOC and BOC total Pa-233 and U-233 mass is -7 kg for the former case 
and -4 kg for the latter case. Pu-239 production is practically un-
changed, while the U-235 burnup is less for the detailed chain, so 
that for the two cases the total fissile production is practically 
unchanged (264 kg and 266 kg for the detailed and simple breeding chain, 
respectively). These differences are slightly larger for the initial 
cycle (0 to 273 days), which has almost an identical k
eff 
for the two 
cases at EOC. 
To check on the influence of elements in the detailed breeding 
chain other than the Pa-233 "loop" (the components of the triangle in 
Fig. 6-1, with U-232, Pa-233 and U-234 in its corners), a calculation 
was performed with this loop added to the simple chain. The results 
for this case, given in Table 6-4, are almost identical with those of 
the detailed chain in Table 6-1, indicating that the inclusion of 	e 
TABLE 6-3 
Results for UUTGDS.546 for Detailed Breeding Chain, BOC k eff= 1.04 
Cycle Days 0 136.5 273 409.5 
Keff 
1.040 1.019 1.010 1.003 
Pmax 
(W/cc) 701 631 652 688 
Fissile Mass (FM) 	[kg] 
U-233 4128 4000 3986 3987 
U-235 43 39 37 36 
Pu-239 147  290 421 
Pa-233 107 113 113 
Np-239 4 4 4 
(a) FM(409.5)-FM(136.5) 	[Kg] 
(b) FM(273) - FM(0) 	[Kg] 
(b) (a) 
U-233 -142 - 13 
U-235 - 	6 - 	3 
Pu-239 +290 +274 
Pa-233 +113 + 	6 
Np-239 + 	4 0 
TOTAL +259 +264 
U-233 -142 - 13 
Pa-233 +113 + 	6 
TOTAL - 29 - 7 
TABLE 6-4 
Results for UUTGDS.546 for Simple Breeding Chain + Loop for Pa-233, 
BOC= 1.03 keff 
Cycle Days 0 136.5 273 409.5 
Keff 1.030 1.010 1.001 0.996 
p
max 
(W/cc) 703 629 654 691 
Fissile Mass (FM) 	[Kg] 
13-233 4051 3928 3921 3929 
U-235 43 39 36 33 
Pu-239 154 300 434 
Pa-233 109 114 115 
(a) FM(409.5)-FM(136.5) 	[Kg] 
(b) FM(273) - FM(0) 	[Kg] 
(b) (a) 
U-233 -130 + 	1 
U-235 - 	7 - 6 
Pu-239 +300 +280 
Pa-233 +114 + 	6 
TOTAL +277 +281 
U-233 -130 + 	1 
Pa-233 , 
TOTAL 
+114 + 6 
- 16 + 	7 
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. elements not in the loop is not significant for the overall fissile 
production. 
At the end of cycle for the case with the detailed breeding chain, 
the relative decay and capture rates of Pa-233 were 0.712 and 0.004, 
respectively. Thus Pa-233 capture should have only a small influence 
on the U-233 production results. 
6.4 GE Model From LHRFDS Study  
For the Proliferation-Resistant LMFBR Core Design Studies (PRLCDS) 
[21], the GE heterogeneous level II design [33] of the Large Hetero-
genous Reference Fuel Design Study (LHRFDS) [14] was chosen as the 
reference (U/Pu)02 design. The PRLCDS guidelines state that this 
reference design shall be updated only if necessary. Given the present 
interest in this model, we have initiated calculations using it as our 
base design. 
The GE report [33] gives a description of their design, and we have 
used the r-z model described therein for our calculations. From the 
data given in this reference [33], we were unable to derive consistent 
values for the atom densities in the various regions. Since the fuel 
pins used in this model are those of the CRBR, we used the CRBR region 
densities given in Ref. [35] for our preliminary calculations, changing 
only the fuel enrichment to obtain criticality. Our calculations 
should not reproduce the GE results precisely, since GE used slightly 
larger fuel elements than for CRBR (271 vs. 217 pins/element) and fer-
tile pins smaller than those of CRBR. However, our preliminary calcu-
lations are adequate to investigate the general characteristics of the 
GE model. 
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Results for our calculations of this model are given in Table 6-5, 
and Figs. 6-2 and 6-3. The GE report [33] does not define the time in 
the cycle for which the performance indices are quoted, but assuming 
their breeding ratio value of 1.336 is for the middle of the equilibrium 
cycle, our value of 1.348 for the middle of the quasi-equilibrium cycle 
is in good agreement. Figure 6-3 presents the radial layout of the 
various core region's for this model, and allows a comparison of the 
radial linear power profile for our results and those of GE. Due to the 
approximations in our model discussed above, we would not expect pre-
cise agreement, but the general behavior of the curves is approximately 
the same for the two cases, with the GE power distribution being some-
what flatter than for our case. 
The breeding ratio for the GE model is about 0.10 smaller than the 
results for our PUUG cases in section 4 of Appendix I. The fissile 
loading for the GE LHRFDS model is also somewhat higher than the latter 
cases. Thus, the 16.7 year doubling time of the GE model [33] is some-
what higher than the values given in Table 4.4 for our models. The 
principal reason for this difference is probably the fact that for the 
LHRFDS use of CRBR fuel pins was required. The base model we used [13] 
had somewhat larger fuel pins and a larger fuel volume fraction than for 
the CRBR. Various studies have indicated that the minimum doubling 
time for a heterogeneous core is obtained with a fuel pin somewhat 
larger than that of the CRBR. 
Studies of this model are continuing for various alternative fuel 
cycles. 
CYCLE DAYS 0 136.5 273 409.5 
K
eff 
1.007 1.010 1.013 1.015 
Breeding Ratio 1.408 1.389 1.348 1.294 
Pmax (14/cc) 672 692 693 684 
Fissile Mass (FM) 	[kg] 
Pu-239 4472 4756 5007 5230 
Pu-241 677 614 562 518 
U-235 327 305 286 269 
(a) FM(409.5)-FM(136.5) 	[kg] 
(b) FM(273)-FM(0) 	[kg] 
(b) (a) 
Pu-239 +535 +474 
Pu-241 -115 - 96 
U-235 - 41 - 36 



































Figure 6-2 . Power Distribution for GE Heterogeneous PUU Model from LHRFDS [33]. 
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Fig. 6-3. Radial Linear Power Profile (Core Midplane) for GE Heterogeneous PUU Model from LHRFDS [33]. 
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APPENDIX I. 
Summary of significant parameters for heterogeneous reactor models. 
Tabulated results for the various runs are ordered as follows: 
Runs are numbered "NL", where 
N = number, same for a general reactor type. 
L = letter, designating variations within the type. 
N = 1 PUU reactors [(Pu/U)0 2 fissile regions, UO 2 fertile] 
based on NIRA models [11]. 
N = 2 PUT reactors [(Pu/U)0 2 fissile regions, Th0 2 fertile] 
based on NIRA models [11]. 
N = 3 PTT reactors [(Pu/Th)0 2 fissile regions, Th0 2 fertile] 
based on NIRA models [11]. 
N = 4 PUU reactors based on GE model [13]. 
N = 5 PUT reactors based on GE model [13]. 
N = 6 PTT reactors based on GE model [13]. 
N = 7 UUT denatured reactors [(U233 /u2382- - )u or (U233 
fissile regions, Th0 2 fertile regions] based on GE model. 
/u238 /Th)o 2 
HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 	lA 
	
MODEL DESIGNATION PUU1SS.372 
(a) 
(b) 
CONDENSED DESCRIPTION: Based on NIRA Model 1 [4, 11]. (Axial blankut in 
core fertile regions). LWR Pu, no control. (Pu/U)02 fissile, UO2 fertile. 
5-group a set, stainless steel corrected [4, 5]. 
Cycle Days 0 150 300 450 
k
eff 1.042 1.020 1.002 0.986 
Breeding Ratio 1.297 1.300 1.305 1.307 
Pmax (w/cc) - 800 793 789 782 
Fissile Mass (FM) [kg] 
Pu-239 2689 2886 3076 3258 
Pu-241 405 354 313 281 
U-233 
U-235 21 20 19 18 
• 
FM(450)-FM(150) [kg] (b) (a) 
FM(t)-FM(0) 	[kg.] 
Pu-239 +387 +372 
Pu-241 - 92 - 73 
U-233 
U-235 - 	2 - 	2 
Total +293 +297 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 	IR 
on NIRA 




Model 2 	[4, 
[4, 	5]. 
PUU2SS.372 
CONDENSED DESCRIPTION: 	Based 
core fertile regions). LWR 





UO 2 	fertile. 
Cycle Days 0 150 300 450 
k
eff 1.033 1.014 1.000 0.988 
Breeding Ratio 1.376 1.378 1.378 1.370 
Pmax (1w/cc) 736 738 733 736 
Fissile Mass (FM) [kg] 
Pu-239 2809 3041 3265 3478 
Pu-241 423 372 330 298 
U-233 
U-235 22 21 20 19 
(a) FM(450)-FM(150) [kg] 
(b) FM(t)-FM(0) 	[kg] 
(b) (a) 
Pu-239 +456 +437 
Pu-241 - 93 - 74 
U-233 
U-235 - 	2 - 	2 
Total +361 +361 






HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 	2A MODEL DESIGNATION PUTT1SS.372 
    
CONDENSED DESCRIPTION: Based on NIRA Model 1 [4, 11]. (Axial blanket in 
core fertile regions). LWR Pu, no control. (Pu/U)0, fissile, Th02 
 fertile. 5- rou a-set, stainless steel corrected [4 5]. 
Cycle Days 0 150 300 450 
keff 1.032 1.015 1.001 0.989 
Breeding Ratio 1.292 1.290 1.286 1.277 
Pmax (w/cc) 835 822 817 804 
Fissile Mass (FM) [kg] 
Pu-239 2824 2647 2489 2350 
Pu-241 425 371 329 394 
U-233 0 361 689 988 
U-235 25 22 19 16 
FM(450)-FM(150) [kg] (b) (a) 
FM(t)-FM(0) 	[kg] 
Pu-239 -335 -297 
Pu-241 - 96 - 77 
U-233 +689 -627 
U-235 - 	6 - 	6 
Total +252 +247 






HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 	2B 
	 MODEL DESIGNATION  PUT2SS.372 
CONDENSED DESCRIPTION: Based on NIRA Model 2 [4, 11]. (Radial blanket in core 
fertile regions). LWR Pu, no control. (Pu/U)0 2 fissile, Th0 2 fertile. 
5- roup a-set, stainless steel corrected [4, 5]. 
Cycle Days 0 150 300 450 
keff 1.027 1.011 1.000 0.991 
Breeding Ratio 1.352 1.350 1.344 1.326 
Pmax (w/cc) 754 761 755 751 
Fissile Mass (FM) [kg] 
Pu-239 3001 2808 2636 2484 
Pu-241 452 397 353 318 
U-233 0 404 774 1111 
U-235 25 22 19 16 
FM(450)-FM(150) [kg] (b) (a) 
FM(t)-FM(0) 	[kg] 
Pu-239 -365 -324 
Pu-241 - 99 - 79 
U-233 +774 +707 
U-235 - 	6 - 	6 
Total +304 +298 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 	3A 
 
MODEL DESIGNATION  PTT1SS.372 
 
   
CONDENSED DESCRIPTION: Based on NIRA Model 1. [4, 11]. (Axial blanket in 
core fertile regions). LWR Pu, no control. (Pu/Th)02 fissile, UO2 fertile. 
5- _ rou . a-set _ stainless steel corrected [4, 5]. 
Cycle Days 0 150 300 450 
k
eff 1.023 1.013 1.003 0.993 
Breeding Ratio 1.230 1.221 1.209 1.195 
Pmax (w/cc) 846 837 827 811 
Fissile Mass (FM) [kg] 
Pu-239 3067 2658 2308 2008 
Pu-241 462 404 358 321 
U-233 0 561 1046 1468 
U-235 
FM(450)-FM(150) [kg] (b) (a) 
FM(t)-FM(0) [kg] 
Pu-239 -759 -650 
Pu-241 -104 - 83 
U-233 +1046 +907 
U-235 
Total +183 +174 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 3B 	 MODEL DESIGNATION PTT2SS.372 
(a) 
(b) 
CONDENSED DESCRIPTION: Based on NIRA Model 2 [4, 11]. (Radial blan'-.t in 
core fertile regions). LWR Pu, no control. (Pu/Th)0 2 fissile, UO 2 fertile. 
5-- u , a-se , stainless steel co rrected , 
Cycle Days 0 150 300 450 
keff 1.018 1.008 1.001 0.994 
Breeding Ratio 1.291 1.282 1.267 1.245 
Pmax (w/cc) 769 771 762 761 
Fissile Mass (FM) [kg] 
Pu-239 3247 2840 2489 2185 
Pu-241 489 430 383 345 
U-233 0 589 1105 1557 
U-235 
FM(450) -FI(150) [ kg ] 
FM(t)-FM(0) 	[kg . ] 
Pu-239 -758 -655 
Pu-241 -106 - 85 
U-233 +1105 +968 
U-235 
Total +241 +228 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 4A 
 
MODEL DESIGNATION  PUUGX.S.273  
    
CONDENSED DESCRIPTION: Standard GE LMFBR model using Pu drivers and fertile 
U in the driver, fertile, and blanket regions. Isotope search (Pu vs. U) 
for K = 1.03, followed by 273 day burnup. 
Cycle Days 0 91 182 273 
keff 1.030 1.029 1.0281 1.0282 
Breeding Ratio 1.445 1.436 1.417 1.387 
Pmax (w/cc) 514 508 525 539 
Fissile Mass (FM) 	[kg] 
Pu-239 3781 3944 409 9 4245 
Pu-241 574 538 507 478 
U-233 
U-235 254 245 237 229 
FM(t)-FM(0) 	[kg] 
Pu-239 +464 
Pu-241 - 96  
U-233 
U-235 - 25 
Total +343 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO.  4B MODEL DESIGNATION PUUGAS.273 
  
    
CONDENSED DESCRIPTION: Same as Run 4A, but the widths of all fissile regions 
are reduced by 10%. Fertile region widths are increased by a corresponding 
amount to maintain overall reactor dimensions. 
Cycle Days 0 91 182 273 
I-- 
eff 1.030 1.027 1.025 1.024 
Breeding Ratio 1.468 , 	1.460 1.444 1.417 
Pmax (w/cc) 609 556 526 548 
Fissile Mass (FM) 	[kg] 
Pu-239 3769 3939 4101 4255 
Pu-241 572 537 505 476 
U-233 
U-235 260 251 242 235 
FM(t)-FM(0) 	[kg] 
Pu-239 +486 
Pu-241 - 96 
U-233 
U-235 - 25 
Total +365 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO.  4r MODEL DESIGNATION FINGBS.273  
   
CONDENSED DESCRIPTION: Same as Run 4A, but the widths of all fissile regions 
are reduced by 25%. Fertile region widths are increased by a corresponding 
amount to maintain overall reactor dimensions. 
Cycle Days 0 91 182 273 
keff 	
. 
1.030 1.022 1,017 1.013 
Breeding Ratio 1.505 1.499 1,492 1.475 
Pmax (w/cc) 812 ' 	739 666 597 
Fissile Mass (FM) 	[kg] 
Pu-239 3706 3885 4059 4227 
Pu-241 562 527 496 467 
U-233 
13-235 269 260 251 243 
FM(t)-FM(0) 	[kg] 
Pu-239 +521 








HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 4D 
	
MODEL DESIGNATION Pirnr'CS.273 
CONDENSED DESCRIPTION: Same as Run 4A, but the widths of al' fissile regions 
are reduced by 16%. Fertile region widths are increased by 	,nprresponding 
amount to maintain overall reactor dimensions. 
Cycle Days 0 91 182 
keff 1.030 1.025 1.022 1.020 
Breeding Ratio 1.482 1.475 1.462 1.438 
Pmax (w/cc) 682  620 562 551 
Fissile Mass (FM) 	[kg] 
Pu-239 3750 3923 4090 4250 
Pu-241 569 534 502 473 
U-233 
U-235 264 254 246 238 
FM(t)-FM(0) 	[kg] 
Pu-239 +500 
Pu-241 - 96 
U-233 
U-235 - 26 
Total +378 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 4E MODEL DESIGNATION PUUGDS.273 
  
    
CONDENSED DESCRIPTION: Same as Run 4A, but the widths of all fissile regions 
are reduced by 16% with corresponding increases in the fertile region widths. 
The outermost fissile ring is also reduced by an additional 5%. 
Cycle Days 0 91 182 273 
k
eff 1.030 1.0269 1.0253 1.0250 
Breeding Ratio 1.484 1.475 1.456 1.425 
Pmax (w/cc) 645 - 	580 604 626 
Fissile Mass (FM) 	[kg] 
Pu-239 3713 3886 4051 4208 
Pu-241 564 528 497 468 
U-233 
11-235 260 251 242 234 
FM(t)-FM(0) 	[kg] 
Pu-239 +495 
Pu-241 - 96 
U-233 
U-235 - 26 
Total +373 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO.  4F MODEL DESIGNATION PUUGES.273 
  
    
CONDENSED DESCRIPTION: Same as Run 4A, but the widths of all fissile regions 
are reduced by 16% with corresponding increases in the fertile region widths. 
The outermost fissile ring is also reduced by an additional 7%. 
Cycle Days 0 91 182 273 
keff 1.0300 1.0277 1.0268 1.0270 
Breeding Ratio 1.485 1.4744 1.4536 1.4192 
Pmax (w/cc) 627 • 613 638 664 
Fissile Mass 	(FM) 	[kg] 
Pu-239 3695 3868 4033 4188 
Pu-241 561 526 494 466 
U-233 
U-235 259 250 241 233 
FM(t)-FM (0) 	[kg] 
Pu-239 +493  
Pu-241 - 95 
U-233 
U-235 - 26 
Total +372 
, • 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 4G MODEL DESIGNATION 	PUUGYS.273  
  
    
CONDENSED DESCRIPTION: Same as Run 4A, but the width of all fissile regions 
are reduced by 16% with corresponding increases in the fertile region widths. 
The outermost fissile ring is also reached by an additional 33%. 
Cycle Days 0 91 182 273 
keff 	 . 1.030 1.034 1.037 1.040 
Breeding Ratio 1.489 1.468 1.428 1.379 
Pmax (w/ee) 1181 - 	1139 1098 1061 
Fissile Mass (FM) 	[kg] 
Pu-239 3295 3467 3624 3768 
Pu-241 500 466 436 409 
U-233 
U-235 242 233 225 217 
FM(t)-FM(0) 	[kg] 
Pu-239 +473 
Pu-241 - 91 
U-233 
U-235 - 25 
Total +357 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 4H 
CONDENSED DESCRIPTION: 
day burnup. 
MODEL DESIGNATION PUUGDS.546 
Same as Run 4E (PUUGDS.273), except with 546 
(a) 
(b) 
Cycle Days 0 136.5 273 409.5 
keff 1.007 1.005 1.006 1.010 
Breeding Ratio 1.546 1.527 1.491 1.430 
Pmax (w/cc) 643 593 630 669 
Fissile Mass (FM) [kg] 
Pu-239 3564 3846 4105 4341 
Pu-241 541 490 447 411 
U-233 
U-235 261 247 234 223 
FM(409.5)-FM(136.5) 	[kg] (b) (a) 
FM(t)-FM(0) [kg] 
Pu-239 +541 +495 
Pu-241 - 94 - 79 
U-233 
U-235 - 27 - 24 
Total +420 +392 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 	41 
	
MODEL DESIGNATION PUUG1S.273 
CONDENSED DESCRIPTION: 	Same as Run 4A, except that the width of the cAltermost 
fissile ring is reduced by 33%. 
Cycle Days 0 91 182 273 
k
eff 1.030 1.033 1.036 1.038 
Breeding Ratio 1.452 1.434 1.399 1.356 
Pmax (w/cc) 933 913 894 874 
Fissile Mass (FM) 	rkg] 
Pu-239 3239 3402 3551 3688 
Pu-241 492 457 427 401 
U-233 
U-235 229 220 212 204 
FM(t)-FM(0) 	[kg] 
Pu-239 +449 
Pu-241 - 91 
U-233 
U-235 - 25 
Total +333 
Capture Rates 	[sed-1] 
Th-232 
U-238 .50 . 
Pu-240 .018 
HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 5A MODEL DESIGNATION PUTGXS.273  
  
CONDENSED DESCRIPTION: Standard GE LMFBR model using Pu drivers, fertile U in 
the driver regions, and Th in all fertile/blanket regions. Isotope search 
(Pu vs. U) for K = 1.03, followed by 273 day burnup. 
Cycle Days 0 91 182 273 
keff 1.030 1.030 1.032 1.034 
Breeding Ratio 1.435 1.422 1.399 1.363 
Pmax (w/cc) 609 - 	550 521 536 
Fissile Mass (FM) 	[kg] 
Pu-239 4138 4060 3987 3918 
Pu-241 628 591 557 526 
U-233 230 447 649 





U-235 - 10 
Total +317 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
RUN NO.  5B 	 MODEL 
TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
DESIGNATION  PUTGJS.271  
CONDENSED DESCRIPTION: Same as Run 5A, except that the width of the outermost 
fissile ring is reduced by 33%. 
Cycle Days 0 91 182 273 
keff 1.030 1.039 1.047 1.052 
Breeding Ratio 1.430 1.405 1.360 1.307 
Pmax (w/cc) 1028  995 965 936 
Fissile Mass (FM) 	[kg] 
Pu-239 3593 3502 3419 3341 
Pu-241 546 509 476 448 
U-233 240 456 651 
U-235 46 43 40 37 
FM(t)-FM(0) 	[kg] 
Pu-239 -252 
Pu-241 - 98 
U-233 +651 
U-235 - 	9 
Total +292 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO.  sr MODEL DESIGNATION PUTGAS.273 
  
    
CONDENSED DESCRIPTION: Same as Run 5A, but the widths of all fissile regions 
are reduced by 10%. Fertile region widths are increased by a corresponding 
amount to maintain overall reactor dimensions. 




1.030 1.028 1.027 
Breeding Ratio 1.451 1.440 1.422 1.401 
Pmax (w/cc) 737 ' 	664 595 
Fissile Mass 	(FM) 	[kg] 
Pu-239 4127 4029 3936 3848 
Pu-241 627 589 555 524 
U-233 256 498 725 





U-235 - 	9 
Total +334 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 5D MODEL DESIGNATION PUTGBS.273 
    
    
CONDENSED DESCRIPTION: Same as Run 5A, but the widthrof all fissile regions 
are reduced by 25%. Fertile region widths are increased by a corresponding 
amount to maintain overall reactor dimensions. 
Cycle Days 0 91 182 273 
keff 1.030 1.023 1.017 
Breeding Ratio 1.478 1.469 1.461 1.448 
Pmax (w/cc) 986  893 800 
Fissile Mass 	(FM) 	[kg] 
Pu-239 4060 3931 3810 3697 
Pu-241 616 579 544 513 
U-233 292 571 836 




U-233 , +336 
U-235 - 	7 
Total . +363 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
1 
RUN NO. 5F, MODEL DESIGNATION 	PUTGCS.273 
   
CONDENSED DESCRIPTION: Same as Run 5A, but the widths of all fissile regions 
are reduced by 10% with corresponding increases in the fertile region widths. 
The outermost fissile ring is also reduced by an additional 5%. 
Cycle Days 0 91 182 273 
k
eff 1.030 1.030 1.031 1.033 
Breeding Ratio 1.4506 , 	1.4369 1.413 1.373 
Pmax (w/cc) 702 622 588 611 
Fissile Mass 	(FM) 	[kg] 
Pu-239 4094 3991 3895 3805 
Pu-241 622 584 550 519 
U-233 259 502 728 
U-235 49 46 43 41 




U-235 - 	8 
Total +328 





HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 	5F MODEL DESIGNATION PUTGCS.546 
    
CONDENSED DESCRIPTION: 	Same as Run 5E (PUTGCS.273), except with 5! , 6 day 
burnup. 
Cycle Days 0 136.5 273 409.5 
k'eff 0.995 0.999 1.005 1.013 
breeding Ratio 1.542 1.514 1.464 1.387 
?max (w/cc) , 704 580 615 650 
Fissile Mass (FM) [kg] 
Pu-239 3855 3720 3599 3490 
Pu-241 585 531 485 447 
U-233 402 763 1083 
U-235 50 45 41 37 
FM(409.5) -FM(136.5) 	[kg] (b) (a) 
FM(t)-FM(0) 	[kg] 
Pu-239 -256 -230 
Pu-241 -100 - 84 
U-233 +763 +681 
U-235 - 	9 - 	8 
Total +398 +359 






HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 	5G 	 MODEL DESIGNATION  PUTGCS.546  
CONDENSED DESCRIPTION: 	Same as Run 5F (PUTGCS.273), except that el or 
in the uranium concentration in the fuel is corrected. (see note, p. 4-8.) 
Cycle Days 0 136.5 273 409.5 
keff 0.995 0.998 1.004 1.011 
Breeding Ratio 1.516 1.489 1.441 1.366 
Pmax (w/cc) 690  581 617 651 
Fissile Mass (FM) [kg] 
Pu-239 3788 3633 3493 3368 
Pu7241  575 521 475 437 
U-233 414 784 1112 
U-235 44 40 36 33 
FM(409.5)-FM(136.5) 	[kg] (b) (a) 
FM(t)-FM(0) 	[kg.] 
Pu-239 -295 -265 
Pu-241 -100 - 84 
U-233 +784 +698 
U-235 - 	8 - 	7 
Total +381 +342 




HETE:OGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. 1:CH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 6A MODEL DESIGNATION  PTTGXS.273 
   
CONDENSED DESCRIPTION: Standard GE LMFBR model using Pu drivers and Th in the 
driver, fertile and blanket regions. Isotope search (Pu vs. Th) for K = 1.03, 
followed by 273 day burnup. 
Cycle Days 0 91 182 273 
keff 1.030 1.033 1.037 1.040 
Breeding Ratio 1.306  1.293 1.270 1.235 
Pmax (w/cc) 566 528 536 551 
Fissile Mass (FM) 	1kg] 
Pu-239 4572 4010 4067 3843 
Pu-241 694 653 615 582 







Total + 211 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 	6B MODEL DESIGNATION' PTTG1S.273 
  
    
CONDENSED DESCRIPTION: Same as Run 6A, except that the width of the outermost 
fissile ring is reduced by 33%. 
Cycle Days 0 91 182 273 
keff 1.030 1.041 1.049 1.055 
Breeding Ratio 1.310 1.287 1.247 1.200 
Pmax (w/cc) 1003 969 940 912 
Fissile Mass (FM) 	[kg] 
Pu-239 3929 3667 3434 3216 
Pu-241 597 556 521 490 







Total + 195 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 6C MODEL DESIGNATION  PTT(=AS.273  
   
CONDENSED DESCRIPTION: Same as Run 6A, but the widths of all fissile regions 
are reduced by 10%. Fertile region widths are increased by a corresponding 
amount to maintain overall dimensions. 
Cycle Days 0 91 182 273 
keff 1.030 1.030 1.031 1.033 
Breeding Ratio 1.331  1.319 1.300 1.269 
Pmax (w/cc) 684 612 552 558 
Fissile Mass 	(FM) 	[kg] 
Pu-239 4538 4278 4037 3813 
Pu-241 689 648 610 577 







Total + 237 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 6D MODEL DESIGNATION 	PTTGBS.273 
 
    
      
CONDENSED DESCRIPTION: Same as Run 6A, but the widths of all fissile regions 
are reduced by 257. Fertile region widths are increased by a corresponding 
amount to maintain overall reactor dimensions. 
Cycle Days 0 91 182 
k
eff 1.030 1.024 1.021 
Breeding Ratio 1.371 1.361 1.351 1.337 
Pmax (w/cc) 925 830 739 
Fissile Mass (FM) 	[kg] 
Pu-239 4424 4167 3927 3705 
Pu-241 672 631 594 560 





U-233 +1110  
U-235 
Total + 279 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 	6E MODEL DESIGNATION 	PTTGCS.273 
    
CONDENSED DESCRIPTION: Same as Run 6A, but the widths of all fissile regions 
are reduced by 10% with corresponding increases in the fertile region widths. 
The outermost fissile ring is also reduced by an additional 5%. 
Cycle Days 0 91 182 273 
k
eff 1.030 1.032 1.0355 1.0389 
Breeding Ratio 1.3325 1.3186 1.2940 1.2568 
Pmax (w/cc) 650 586 610 628 
Fissile Mass (FM) 	[kg] 
Pu-239 4485 4225 3984 3762 
Pu-241 681 640 603 569 





U-233 , +1066 
U-235 
Total +231 




HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 	6F MODEL DESIGNATION 	PTTGDS.273 
    
CONDENSED DESCRIPTION: Same as Run 6A, but the widths of all fissile regions 
are reduced by 10% with corresponding increases in the fertile region widths. 
The outermost fissile ring is also reduced by an additional 7%. 
Cycle Days 0 91 182 273 
k
eff 1.0300 1.0333 1.0372 1.0411 
Breeding Ratio 1.333 1.318 1.291 1.252 
Pmax (w/cc) 633 620 643 660 
Fissile Mass (FM) 	[kg] 
Pu-239 4461 4201 3961 3739 
Pu-241 677 636 599 566 




Pu-241 • -111 
U-233 , +1063 
U-235 
Total + 230 







HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 	6G MODEL DESIGNATION PTTGCS.546 
    
CONDENSED DESCRIPTION: 	Same 	6E (PTTGCS.273), except with 546 chl: 
burnup. 
Cycle Days 0 136.5 273 409.5 
k
eff 0.986 0.995 1.005 1.014 
Breeding Ratio 1.430 1.400 1.349 1.277 
Pmax (TAT/cc) 650 603 634 663 
Fissile Mass (FM) [kg] 
Pu-239 4190 3806 3471 3176 
Pu-241 636 577 527 485 
U-233 611 1141 1600 
U-235 
FM(409.5) -FM(136.5) 	[kg] (b) (a) 
FM(t)-FM(0) [kg] 
Pu-239 -719 -630 
Pu-241 -109 - 92 
U-233 +1141 +989 
U-235 
Total + 313 +267 





HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 7A 
 
MODEL DESIGNATION  UTTTGXS_27'1  
   
CONDENSED DESCRIPTION: Standard GE LMFBR model using U drivers and Th in all 
fertile/blanket regions. U isotope search (U-233 vs. U-235 & U-238) for K = 1.03, 
followed by 273 day burnup. 
Cycle Days 0 91 182 273 
keff 1.030 1.023 1.018 1.013 
Breeding Ratio 1.291  1.291 1.290 1.284 
Pmax (w/cc) 554 535 548 562 
Fissile Mass (FM) 	[kg] 
Pu-239 143 278 407 
Pu-241 
U-233 3939 3885 3838 3796 




U-233  -143 
U-235 - 	9 
Total ' +255 




Percent Denatured 15.2 
HETEROGENEOUS CORE PEROFRMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 	711 
	
MODEL DESIGNATION UUTGAS.273 
CONDENSED DESCRIPTION: Same as Run 7A, but the widths of all fissile regions 
are reduced by 10%. Fertile regions widths are increased by a corresponding 
amount to maintain reactor dimensions. 
Cycle Days 0 91 182 273 
keff 1.030 1.022 1.015 1.009 
Breeding Ratio 1.292 1.293 1.296 1.294 
Pmax (w/cc) 655  598 556 576 
Fissile Mass (FM) 	[kg] 
Pu-239 122 239 350 
Pu-241 
U-233 4012 3978 3950 3929 





U-235 - 7 
Total +260 





Percent Denatured 	. 17.4 
HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 7C MODEL DESIGNATION  UUTGBS.273 
 
  
    
CONDENSED DESCRIPTION: Same as Run 7A, but the widths of all fissile regions 
are reduced by 25%. Fertile regions widths are increased by a corresponding 
amount to maintain overall reactor dimensions. 
Cycle Days 0 91 182 273 
keff 1.030 1.018 1.008 1.0007 
Breeding Ratio 1.293 , 	1.296 1.307 1.316 
Pmax (w/cc) 873 794 715 639 
Fissile Mass (FM) 	[kg] 
Pu-239 94 185 271 
Pu-241 
U-233 4084 4078 4079 4086 










Capture Rates 	[sec-1] 
Th-232 .382 
U-238 .133 . 
Pu-240 
/ 
Percent Denatured 	- 21.2 
HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 7D MODEL DESIGNATION  illiTccs_77  
    
    
CONDENSED DESCRIPTION: Same as Run 7A, but the widths of all fissile regions 
are reduced by 10% with corresponding increases in the fertile region widths. 
The outermost fissile ring is also reduced by an additional 5%. 
Cycle Days 0 91 182 273 
k
eff 1.0300 1.0235 1.0184 1.0144 
Breeding Ratio 1.2916 1.2910 1.2889 1.2804 
Pmax (w/cc) 623 608 630 645 
Fissile Mass 	(FM) 	[kg] 
Pu-239 119 233 341 
Pu-241 
U-233 3974 3942 3916 3894 




U-233  - 80 
U-235 - 	8 
Total • +253 




Percent Denatured 17.6 
HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 	7E 
	 MODEL DESIGNATION UUTGDS.273 
CONDENSED DESCRIPTION: Same as Run 7A, but the widths of all fissile regions 
are reduced by 16% with corresponding increases in the fertile region widths. 
The outermost fissile ring is also reduced by an additional 5%. 
Cycle Days 0 91 182 971 
k
eff 1.0300 1.0225 1.0167 1.0123 
Breeding Ratio 1.292 . 	1.292 1.292 1.286 
Pmax (w/cc) 693 626 644 665 
Fissile Mass (FM) 	[kg] 
Pu-239 108 211 308 
Pu-241 
U-233 4022 4002 3987 3977 





U-235 - 7 
Total • +256 




Percent Denatured 	- 19.1 
HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 7F MODEL DESIGNATION  UUTGES.273 
  
CONDENSED DESCRIPTION: Same as Run 7A, but the widths of all fissile regions 
are reduced by 16% with corresponding increases in the fertile region widths. 
The outermost fissile ring is also reduced by an additional 7%. 
Cycle Days 0 91 182 273 
k
eff 1.030 1.023 1.0184 1.0147 
Breeding Ratio 1.2917 , 	1.2910 1.2889 1.280 
Pmax (w/cc) 674 656 681 707 
Fissile Mass (FM) 	[kg] 
Pu-239 107 209 305 
Pu-241 
U-233 4008 3989 3975 3964 




U-233 , 	- 44 
U-235 - 	6 
Total +255 
, . 




Percent Denatured 	- 19.4 
HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. MODEL DESIGNATION UUTCBS.546 7G 
(a) 
(b)  
CONDENSED DESCRIPTION: Same as Run 7C (UUTGBS.273), except with 546 day burnup. 
Cycle Days 0 136.5 273 409.5 
k
eff 1.0498 1.0320 1.0180 1.0083 
Breeding Ratio 1.245 1.251 1.267 1.273 
Pmax (w/cc) 870 760 652 630 
Fissile Mass (FM) [kg] 
Pu-239 133 258 375 
Pu-241 
U-233 4242 4222 4218 4225 
U-235 38 35 32 30 
FM(4095)-FM(136.5) 	[kg] 
. (b) (a) 
FM(t)-FM(0) [kg] 
Pu-23.9 +258 +242 
Pu-241 
U-233 -24 +3 
U-235 -6 -5 
Total +228 +240 




Percent Denatured 21.8 
HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 	7H MODEL DESIGNATION UUTGDS.546 
    
CONDENSED DESCRIPTION: Same as Run 7E (UUTGDS.273), except with 546 day burnup. 
Cycle Days 0 136.5 273 409.5 
k
eff 1.030 1.0192 1.0118 1.0071 
Breeding Ratio 1.292 1.292 1.290 1.282 
Pmax (w/cc) 693 630 664 701 
Fissile Mass (FM) [kg] 
Pu-239 159 307 444 
Pu-241 
U-233 4022 3994 3977 3968 
U-235 43 39 36 33 
FM(409.5)-FM(136.5) 	[kg] (b) (a) 
FM(t)-FM(0) [kg] 
Pu-239 +307 +285 
Pu-241 
U-233 - 45 - 26 
U-235 - 	7 - 	6 
Total +255 +253 




Percent Denatured 19.1 
	
HETEROGENEOUS ( 	PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR RNATIVE FUEL CYCLE STUDIES 
RUN NO. 71 MODEL DESIGNATION UUTGDS.EQI 
   
CONDENSED DESCRIPTION: Same a, dun 7E (UUTGDS.273), except that a refueling 
. scheme was incorporated to allow the core to reach equilibrium conditions. 
One-half of the core fissile, core fertile, and axial blanket regions were 
- 	- --- ----, 	---- 




1.0118 1.0065 1.0027 0.9999 
Breeding Ratio 1.317 1.314 1.310 1.302 
Pmax (w/cc) 600 615 635 662 
Fissile Mass (FM) 	[kg] 
Pu-239 158 259 355 445 
Pu-241 
13-233 .4278 4268 4262 4260 




U-233 , 	- 18 
U-235 - 	7 
Total +262 




Percent Denatured • 19.1 
For this run, U-235 is defined as fertile for BR calculation. 
(a) 
(b) 
HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 7J MODEL DESIGNATION UUTGXD.546 
    
CONDENSED DESCRIPTION: Same 	Run 7A, except that a dimension search (-231/+23% 
changes in all Core Fiss/Fert Region widths) is used for K = 1.03 and the 
burnup time is 546 days. The resulting reactor has a smaller radius than the 
standard GE model. 
Cycle Days 0 136.5 273 409.5 
keff 1.030 1.017 1.009 1.003 
Breeding Ratio 1.286 1.287 1.287 1.280 
Pmax (w/cc) 782 685 680 694 
Fissile Mass (FM) [kg] 
Pu-239 158 303 436 
Pu-241  
U-233 3678 3649 3633 3628 
U-235 39 35 32 29 
FM(409.5) -FM(136.5) [kg] (b) (a) 
FM(t)-FM(0) 	[kg ] 
Pu-239 +303 +278 
Pu-241 
U-233 - 45 - 21 
U-235 - 	7 - 	6 
Total +251 +251 




Percent Denatured 19.2 
HETEROGENEOUS CORE PERFORMANCE PARAMETERS 
ORNL/GA. TECH LMFBR ALTERNATIVE FUEL CYCLE STUDIES 
RUN NO. 	7K 
	
MODEL DESIGNATION 	UUTGAS.27A 
CONDENSED DESCRIPTION: 	Same as Model 7B (UUTGAS.273), except that tl, 
search option was altered to keep a constant 19.1% enrichment, i.e. U-233, 
235, 238 exchanged with Th. 
Cycle Days 0 91 182 zza_____ 
k
eff 1.030 1.022 1.015 1.010 
Breeding Ratio 1.280 1.281 1.283 1.282 
Pmax (w/cc) 650 595 557 578 
Fissile Mass (FM) 	[kg] 
Pu-239 108 212 311 
Pu-241 
U-233 4077 4053 4035 4022 




U-233 - 55 
U-235 - 	7 
Total +249 




Percent Denatured 19.1 
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APPENDIX II. 
Plots of power distribution for selected cases reported in Appendix I, 
ordered as follows: 
N = 	number, same for a general reactor type. 
L = letter, designating variations within the type. 
N = 4 PUU reactors based on GE model [13]. 
N = 5 PUT reactors based on GE model [13]. 
N = 6 PTT reactors based on GE model [13]. 
N = 7 UUT denatured reactors [(U 233 /u238 )02 or (U233 /U238 /Th)02 
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APPENDIX III 
ALTERNATIVE FUEL CYCLES FOR BREEDER REACTORS* 
D. E. Bartine, T. J. Burns, and J. R. White 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee, U.S.A. 
J. M. Kallfelz and D. M. Rowland 
Georgia Institute of Technology 
Atlanta, Georgia, U.S.A. 
ABSTRACT 
The impact of various "alternative" nuclear fuel cycles, particularly 
those involving thorium and 233U, is addressed. Due to recently accen-
tuated concerns regarding possible use of nuclear power reactor fuel as 
a source of weapons fissile material, such fuel cycles are of interest 
since they possess certain inherent proliferation-resistant chracteristics. 
In particular, the impact on .breeder reactors is considered. Both 
"homogeneous" (fissile core region surrounded by fertile blankets) and 
"heterogeneous" (fertile blankets intermixed with core assemblies) de-
signs are addressed. Additionally, the breeding and growth characteristics 
of symbiotic systems involving 233U production reactors in safeguarded 
energy centers and dispersed reactors operating on proliferation-resistant 
233U/ 238U-based fuel are examined. The neutronic calculations indicate 
that such symbiotic systems have the potential of supporting reasonable 
energy growth rates. 
(Preseated at the Miami International Conference on Alternative Energy 
Sources, Miami Peach, FL, December 5-7, 1977.) 
*Research sponsored by the Department of Energy under Contract with 
Union Carbide Corporation. 
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INTRODUCTION 
Recently accentuated concerns r-_:1.arding the possible use of reactor fuel 
as a source of weapons material have led to nn overall reassessment of 
various alternative fuel cycles. In particular, the recycle of plu-
tonium and the development of plutonium-producing Liquid Metal Breeder 
Reactors (LMIBRs) have been questioned. Long-term viabil '.ty and growth 
of fission-based nuclear generating capacity, however, must ultimately 
rely on both recycle fuel and breeder reactors. Prudence therefore 
dictates that any alternative cycle which has potential for reducing the 
attractiveness of breeder reactor fuel as a source of nuclear weapons 
material be examined. The denat ,  ced (233u/238u/219 /---Th) fuel cycle [1,2,3] 
is one such option being studied and one that extends to the recycle/breeder 
scenario the most prominent proliferation-resistant characteristic of the 
current once-through low-enriched ( 235U/ 238U) uranium cycle: an intrinsic 
"isotopic barrier." The fresh ft. 1 consists of fissile 233U denatured with 
238U to the extent that it cannot serve as a direct source of weapons-
usable material (i.e., it would require the use of an isotope enrichment 
facility). This is in contrast to 239Pu-based fuel cycles in which the 
fissile material in the fresh fue__ is directly accessible via chemical 
separation and for which no denaturant analogous to 238U exists. 
In assessing the impact of the al-ernate fuel cycles, a Pu/ 238U reference 
LMFBR design [4] was selected and analyzed, 	the performance parameters 
of alternate fissile/fertile fuel combinations were then calculated by 
replacing the reference core and lanket materials by the appropriate 
alternative material(s). For these initial st -...ies no attempt was made 
to modify or optimize the designs to account for differences in the 
thereto-physical properties of the alternative fuel materials relative to 
the reference system. Such diffences were considered only when obviously 
necessary, e.g., to ensure that 	fuel and fertile pin maximum linear 
powers fw..- the various materials were not exceeded. 
The breeding performance of the alternate LMFBR fuel cycles is signific-
antly lower than that of the reference system, one reason being the lower 
values of v and the associated n (neutrons produced per fission and per 
fissile absorption, respectively) of 233U relative to the fissile plu-
tonium isotopes. Additionally, t 	replacement of 238U by 232Th as the 
core fertile material also has a deleterious effect resulting from the 
markedly lower fast fission effect of 232Th relative to 238U. 
A, further point which must be addressed regarding the denatured reactors 
is their self-sufficiency in terms of the fuel material, 233 U. Since the 
denatured systems contain 238U in addition to 232Th, 239Pu is produced via 
neutron capture. Thus, in evaluating the self-sufficiency of a fast breed-
er reactor, the 233U component of the overall breeding ratio is of primary 
importance since the bred plutoni: cannot be recycled back into the de-
natured system. Moreover, the 233U component of the breeding ratio 
increases as the allowable denatur a "enrichment" (percent of uranium 
atoms which are 233U) is increases' ., since such an increase allows more 
Th 	replace 238U in the fuel m ., -ial. One potential means for improving 
- aulaast. 	 • 
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the self-sufficiency of a denatured reactor, namely the utilization of a 
"heterogeneous" or radial "parfait" core design [5-13], has been investi-
gated. Although initially conceived as a mean_ to increase the breedi 
performance (as well as to assuage certain safety-related problems), the 
heterogeneous design (which has fertile fuel assemblies interspersed with 
fissile driver assemblies) is of particular interest for these alternaL, 
cycles because of its greater breeding flexibility. However, -ince all 
denatured reactors require an initial inventory of 233U, as well as vary-
ing amounts of 233U as makeup material, a second class of reactors must 
be considered when evaluating the denatured fuel cycle. The function of 
these systems would be to produce the 233U required by the denatured 
reactors. Possible LMFBR candidates for this role, using various com-
binations of fissile and fertile material for both a "classical" or' 
homogeneous model (i.e., two core enrichment zones surrounded by fertile 
blanket regions) and a "heterogeneous" core, have - been -considered. Some 
examples of such reactors are a 233U/Th breeder and various "transmuter" 
reactors which burn plutonium and produce 233U, such as a Pu/Th LMFBR, 
or a breeder with Pu/ 238U fuel elements and Th02 in various fertile 
regions. All of these systems, since they are not denatured, must be 
subject to rigorous safeguards, that is, operated only in nuclear weapon 
states or in internationally controlled energy centers. A symbiotic 
system, such as that depicted in Fig. 1, is envisioned in which the 
"inside" reactors consume plutonium and produce 233U for the denatured 
reactors and vice'  ersa. 
MODELS AND CALCULATIONAL METHODS 
Codes, Input Data  
Nine-group cross-section sets were generated for various reactor regions, 
using the code system UINX/SPHINX/AMPX [14-16] and ENDF/B-IV input data. 
The results reported in this paper for reactor performance parameters were 
calculated with CITATION [17] using a two-dimensional cylindrical geometry. 
For a test case.L. comparison of results with those from a three-dimensional 
hexagonal geometry calculation validated the adequacy of the two-dimensional 
annular models utilized in this study. 
Model  
The model used for our studies was based on the design prescribed for 
the Large Core Code Evaluation Working Group (LCCEWG) in Ref. [4]. This 
LMFBR is not the commercial design of a specific organization, but is a 
compromise model determined after discussion among various members of the 
LCCEWG, and has general performance parameters felt to be typical of a 
possible future commercial LMFBR. Table I gives some of the principal 
features of this homogeneous core design. 
The initial plutonium feed composition was typical of that produced by a 
LWR, as specified in the Clinch River Breeder Reactor Preliminary Safety 
Analysis Report and used f, the Large Heterogeneous Reference Fuel Design 
Study (LIIFDS) [18], i.e., weight percents of about 67%, 19%, 10%, and 
n. 	 `A. - .AMIN. wawso.+1Mlarla*H. kird, 	 ot. s+Inemniii.61c1.10.ssinnu,c'ei. 	 7-'•■•ki, -4+ + ..:•••••Wi';;;44 • 
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2.5% for 239Pu, 240pu, 241pu, and 242Pu respectively. The depleted uranium 
used for the fertile material was assumed to contain 0.25% 235U. 
General Methods  
For the cases investigated, the fuel and fertile el,_Iaent volume fractions 
were maintained as in Ref. [']. Atom densities for the various fuel an 
fertile element combinations were determined considering the different 
densities of the oxides involved, e.g., (Pu/U)02, UO2 and Th02. For the 
heterogeneous models, the cylindrical models (described in more detail 
below) were established for fertile and fissile elements with the same 
volume fractions as those of Ref. [4]. Thus the calculations reported 
here do not include any optimization of the pin sizes to take advantage 
of the superior thermal properties of the materials used for the altern-
ative cycles. For instance, mixed (U,Th)02 rods can sustain a larger 
maximum linear power than the base case (U,Pu)02 rods, and the same is 
true of Th0 2 compared to UO2. Thus ' principle the fuel and blanket 
rod radii could be somewhat larger, thereby increasing the fuel volume 
fraction [13,15]. 
Annual refueling, a plant capacity factor of 75%, and maximum burnup of 
100,000 MWd/T were assumed. These constraints led to replacement of 1/3 
of the fuel elements and 1/6 of the radial blanket elements for the homo-
geneous cores at each refueling, while for the heterogeneous cases these 
fractions were 1/2, 1/3, and 1/6 for the fuel, internal blanket, and radial 
blanket elements respectively. 
Using the above assumptions, depletion calculations were performed until 
the equilibrium cycle was reached, i.e., the point at which the isotopic 
composition of the discharged elements does not change from cycle to cycle. 
The values reported here are for this cycle; for time-dependent parameters 
such a( the breeding ratio, mid-cycle values are given. Using a code 
written to be compatible with CITATION, iterations were performed to ad-
just the initial first cycle fissile loading so that criticality was main-
tained with a minimum fissile inventory. 
RESULTS FOR HOMOGENEOUS REACTORS 
General Results 
Overall breeding performance characteristics for homogeneous LMFBRs with 
certain alternative fuel cycles are presented in Table II. The breeding 
ratio was calculated utilizing the following definition: 
BR 
fertile capture rate  
= 
fissile absorption rate 
(1) 
The common European practice of assigning "equivalence factors" [5,8,20] 
to the various fisL,iie and fertile isozlopes bad un their relative worth 
III-5 
with respect to k ef f has not been followed. Since such equivalence fac-
tors depend on reactor type, the proper definition and use of such factors 
becomes difficult in studies of symbiotic systems involving various reac-
tor types. The studies of the symbiotic characteristics of such systems 
reported here are based on the actual mass flows calculated for the vari-
ous fissile isotopes. 
It must be noted however that Eq. (1) ._:presents an approximation in that 
it assumes that the fissile production rate is equal to the fertile capture 
rate. For Pu/ 238U fueled systems, the difference between the two rates 
is insignificant due to the short half-life (large decay constant) of the 
intermediate nuclide, 239Np. For alternative fuel cycles involving 232Th,  
however, the use of Eq. (1) does represent a slight approximation due to 
the much longer half-life of 233Pa. 
The designation of a compound fissile doubling time (CFDT) in Table II also 
represents a modification in parameter definition necessitated by the 
alternative cycles. Since some of the bred fissile material produced in 
a given reactor may not be available for recycle in the reactor, the com-
monly used terminology of a "reactor doubling time" is somewhat misleading. 
The designation of a compound fissile doubling time is employed to 
emphasize this difference. The parameter, however, is defined in a manner 
similar to that used for the compound system doubling time for a single 
fuel cycle system (e.g., Pu/U): 
CFDT = 
0.693 x (fissile mass, initial core + 1 reload)  
. 	(0.98 eq. cycle fissile discharge - eq. cycle fissile charge) 	
(2) 
 
The compound fissile doubling time is thus a measure of the rate of excess 
fissile production. The value of 0.98 used in Eq. (2) represents a re-
covery factor (i.e., assumes 2% losses). 
As discussed above, the overall breeding performance of the various 
alternative cycles is reduced relative to the reference case (the Pu/U 
case listed first in Table II). The replacement of 238UO2 by Th02 as the 
fertile material as well as the substitution of 233UO2 for Pu0 2 as the 
fissile material reduces the overall breeding ratio and increases the CFDT. 
Moreover, increasing the denatured uranium "er - ichment" (the atom percent 
233U), and thereby allowing more Th in the fuel, results in lower values 
for the breeding ratio (and increased fissile doubling times). However, 
Fig. 2 illustrates a desirable effect of higher enrichment for denatured 
reactors, namely the increase in the 233U component of the breeding ratio. 
Note that in this figure and elsewhere in this article, the term "X% 
denatured U" means denatured uranium with X% 233U enrichment. 
Certain characteristics of three possible candidate reactors for the safe-
guarded area 233U producers are given in Table III. Clearly, each system 
has its own unique properties. From the standpoint of 233U production 
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capability, the hybrid Pu/Th LMFBR is clearly superior. However, it does 
require a large quantity of fissile Pu as makeup since jt essentially 
"transmutes" plutonium into 233 U. The Pu/ 238U + Th02 radial blanket LM,..t.,A 
generates significantly less 233U but also markedly reduces the required 
plutonium feed. In 	t , for the case illustrated, this system actuar. 
produces a slight exct_s of . lutonium. The third po.--sible LM _R 
considered is the 233U/Th breeder which 	characterized by a very small 
excess 233U production. Moreover, it does not provide a means for 
utilizing the plutonium which is bred in the denatured systems. 
Energy Center and Dispersed Reactor Symbiosis  
Potentially, the reactor types used in the energy center represent a 
higher proliferation risk than the dispersed denatured reactors, although 
with adequate control of the center this risk could be made quite small. 
Furthermore, there are many obvious reasons to avoid generation of too 
large a percentage of the world's total nuclear power capacity in such 
centers. Hence, there is a strong incentive to minimize the number of 
inside reactors. The amount of power generated by the dispersed reactors 
relative to that generated inside the energy centers is a crucial symbiotic 
parameter. The power ratio (i.e., outside poWer/inside power) typically 
results in a symbiotic "window" constrained on one side by 233U production 
and by plutonium production on the other. Moreover, once initiated, a 
system of dispersed denatured LMFBRs and energy center LMFBRs is charac-
terized by an asymptotic power ratio, at which point the relative growth 
rate of each fissile inventory is identical. This asymptotic value can 
be viewed as the "natural" symbiotic power ratio. Additionally, a true 
compound system doubling time ,can be calculated at this value of the 
power ratio since each component of the syst is increasing at the same 
rate. 
This asymptotic value is determined by assuming that the inventory of each 
fissile isotope is compounded continuously (in a manner similar to that used 
to calculate a reactor's compound doubling time). Figure 3 illustrates 
the time-dependent behavior of a symbiotic system's power ratio using a 
logical initial value, namely, no denatured reactors because of an initial 
lack of 233U. It should be noted that the asymptotic value is approached 
regardless of the starting configuration. Also indicated on Fig. 3 is the 
power window bounded by Frain and Pmax , outside of which the system cannot 
operate without some external supply of fissile material, e.g., already-
bred LWR plutonium. Table IV gives some symbiotic system parameters 
for certain reactor combinations. As indicated, a trade-off clearly 
exists concerning system doubling time and asymptotic power ratio achieved. 
HETEROGENEOUS CORE DESIGNS 
Development of Heterogeneous Core Concepts  
The term "heterogeneous core" is used, in general, to describe LMFBR designs 
which are comprised of distinct fertile regions interspersed with fissile 
regions :n the core. This concept is in contrast to that of the "classical" 
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or homogeneous LMFBR core, 	has fertile material mixed homogeneously 
with the fissile material. 
While studies of this concept were conducted in the 1960's at Risley [6,7], 
interest in heterogeneous core designs was .cecently revived by a paper pre-
sented by Mougniot et al. [5] at the 1975 European Nuclear Conference a,. 
Paris, describing French investigations of this topic. The emphasis o: 
this latter paper was on the potential improvement in the doubling time of 
a LMFBR which this concept offers. Also discussed was the fact that, for 
certain situations, a heterogeneous core may also have a lower positive 
sodium void coefficient than for a homogeneous design. Some early LMFBR 
designs and studies, such as the Westinghouse modular reactor [21] and the 
annular core investigated by Spenke [22], used a heterogeneous design 
primarily to improve the sodium voiding characteristics. The investigation 
by Sehgal et al. [21] of an LMFBR fueled with modular assemblies, -each con-
taining a fuel and blanket region, was•also an attempt to incorporate this 
advantage into a reactor design. 
Due to the apparent success of the French LMFBR program, including consid-
erable operating experience with a demonstration LMFBR plant, it was 
natural that their studies of the heterogeneous core would stimulate inter-
national interest in this concept. Further, with the - growing concern about 
excessively large doubling times for commercial oxide-fueled LMFBRs, the 
potential high breeding gains (0.35-0.40) of a heterogeneous core with 
such fuel clearly made it a concept of high interest for designers. The 
last several years have seen considerable international activity in this 
area [8-13,24,25], including a national U.S. study [18] to assess hetero-
geneous and homogeneous deSigns under various imposed constraints. 
Some Characteristics of Heterogeneous Cores  
Presently, some disagreement exists on whether - he potential for improved 
breeding ratio and doubling time characteristics in heterogeneous cores is 
real. Some investigators state that the heterogeneous core has a markedly 
improved breeding potential [5,9,10-12], while others conclude that this 
is not the case [23,25]. This disagreement can be attributed to several 
factors: 
(a) The heterogeneous core can be optimized for improved breeding potential 
or reduced sodium void reactivity: in some designs the latter advan-
tage is emphasized to the detrin t of the former. 
(b) The performance characteristics of various "hc.rogeneous core" designs 
cover a much wider range than those of "classical" or "homogeneous" 
cores being considered. Partially this is because the "classical" 
core designs are now much more similar to each other than are the 
various proposed heterogeneous core designs. Also, for the same 
general concept, the heterogeneous core per!7c,rmance is sensitive to 
such factors as the fuel element size, ring placement, etc. Some 
examples of this sensitivity are discussed in Refs. [10,24]. For 
instance, a "ti„htly-coupledu core (small internal fertile regions) has 
ma.-adly different characteristics than a "loosely-coupled" core. 
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(c) There is considerable difficulty in defining which classical core to 
compare with the heterogeneous design. Some aspects of this problem 
are evident from a survey of the heterogeneous core references ciLad 
above, as well as from the results of the LHRFDS study [18]. Com-
parison of a reactor. of each type, for example, with the same average 
enrichment and critical sass is preclue' ' by the intrinsic differences 
in the two designs. 
(d) For different MW(e) capacity reactors or reactors with different 
constraints on core size, the conclusions can be different. For 
Instance, some studies of "pipe" type 1;72'3R systems have had a 
stringent physical constraint on the total core and blanket size, 
while the French and Italian studies are for a Superphenix [26,27] 
"pot" type LMFBR, for which this limitation is somewhat more flexible. 
One clear disadvantage of a stringent size constraint is that the 
increased core size when heterogeneity is introduced may require a 
reduced radial blanket size. 
(e) The comparison is furth-. complicated by other factors related to 
fuel management, fuel fabrication costs, etc. For instance, some 
studies assume the same pin size for the internal fertile elements as 
for the radial blanket, as in Level I of LHRFDS [18]. Due to the high 
fissile production rate in the internal elements, however, they must 
be replaced more frequently than those of the radial blanket to 
avoid excessive pin temperatures. In other studies smaller pin has 
been assumed but this decreases the volume percent of fertile material 
in these regions, with an associated decrease in the breeding ratio. 
For their studies of an 1800 N1(e) heterogeneous core, the French 
assume an internal fertile pin size intermediate between the driver 
and radial blanket pin sizes [12]. The requirement for three pin 
sizes, however, also affects the fabrication costs. 
The fact still remains, however, that many studies have reported consider-
ably improved breeding ratio (BR) and/or doubt: time results for the 
heterogeneous core, compared to some "equivalent" homogeneous systems 
[5,9-12,24]. 
Despite the various sophisticated arguments about what constitutes an 
"equivalent" classical system (which as indicated above is a complex issue), 
it appears that a simple procedure for comparisons can be established as 
a valid basis - at least to compare the breeding potential of the two • 
systems. Some particular "classical" LMFBR design that has been through an 
optimization process for the homogeneous design is adopted. The fertile 
and fissile assemblies are then arranged in heterogeneous designs (a 
process necessitating an increase in the enrichment of the fissile 
assemblies) to determine whether, for some configuration, the breed- 
ing potential is improved. While the heterogeneous design should not 
have any significant operating parameters which are obviously worse than 
for the classical design (e.g., maximum pin L:mperature), the evaluation 
of all such parameters is clearly the subject of a 1 -7ge study such 
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as the LIIRFDS [18]. (Of course, some nominal charac 	tics of the ele- 
ments for the two designs, e.g., duct venting, may d . . .) If the 
heterogeneous concept shows hi gher breeding 	 z.ther arguments 
about whether the heterogeneous system design parameter (pin size, element 
size, etc.) are optimized seems irrelevant to answer 	original question: 
does the heterogeneous concept have improved breeding potential? Presum-
ably "opti-Azation" of the heterogeneous design will further improve its 
performance. The above procedure has been employed in this study. 
Clearly, the term "breeding potential" is amb"luous since an improved breed-
ing ratio does not necessarily result in a reduced doubling time. Among 
other differences, heterogeneous cores typically require higher critical 
loadings, a factor which has a detrimental effect on -the doubling time. 
However, in most cases this latter effect is outweighed by the increase 
in breeding gain, resulting in a lower doubling time. 
Some contributing factors to the higher breedi...', gain (and reduced doubling 
time) - in a heterogeneous core are: 
(a) The space dependence of the neutron flux, cp(E,r), in the core is an 
advantage. That is, it is not only a question of putting more fertile 
material where the total flux is higher - which could also be accomplished 
in a homogeneous core with a - revised fuel pin and assembly conta*.ding a 
higher heavy metal volume - but also of t e energy spectrum of the neu-
tron flux at these locations. 
(b) The core "internal conversion ratio" (BI) is quite high, approaching 
1.0. The resulting reduced requirement for excess reactivity at the 
start of the cycle permits a design with fewer control rods, which is 
a clear advantage for the breeding in the upper bla 
(c) A relatively flat flux in the heterogeneous core leads to an in-
creased value of the fractional breeding gain in the surrounding 
blanket regions. 
Point (a) is illustrated by calculations performed in Italy [10] and 
reported in detail in [24]. Using the CNEN code CIAP-1D [281“or several 
heterogeneous core models, the generalized adjoint function IP (r) was 
determined for the total breeding ratio (BR) and for the internal conversion 
ratio (BI) for the "core" (which includes both the fissile driver assemblies 
and the internal blanket assemblies). These functions reflect the importance 
of a neutron at a given location (r) and in a particular energy group (g) 
to either the BR or BI. 
For a (Pu/U)02 heterogeneous model with a general configuration similar 
to that gf 
di 	
Fi4 4, the difference between tpic for low and high energy neu- 
- trons ( sy20 'PS) is illustrated in Fig. 5. As indicated, the quantity 
plotted is generally positive for the fertile regions and negative for 
the fissile regions, reflecting the importance-of a soft fertile region 
spectrum and hard fissile region spectrum to the internal conversion rate. 
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Figure 5 also illustrates the spatial variation of the spectrum within 
the core. —in preciSely"the manner which is advantageous to BI (and BR). 
The proportion of the low energy neutrons (rep. - -sented by the quantity, 
(1)20454 is appreciably greater for the fertile regions, as expected. It 
should be noted that a "classical" core with a "homogeneous . mixture - of 
fissile and fertile material in the core 	 n ÷does not have this feature; i 
the homogeneous core, both-A,(r) and -'(r) typically vary monotonically 
over the core. 
The energy "shape" of ¢g (r) in the fertile regions is not the sole criter-
ion for an improved BI However. The absolute values of the important group 
fluxes in the fertile regions (relative to those in the fissile regions) 
must also be considered. As can be seen in Table V, the absolute values 
for this model are favorable to an increased BI. Using the approximate 
centers of neighboring core regions, the ratio ¢ g (fissile)4g (fertile) is 
roughly 0.7 for the low energy group and 1.4 for the high energy group. 
Of course a higher BR does not necessarily mean an improved doubling time. 
However, many of the cited reports which compare the two design concepts 
under varying assumptions report a clear reduction in the doubling time 
for a heterogeneous core relative to the homogeneous design. A quote 
from Ref. [11] summarizes the view of the SNR-2 designers: 
"The present results indicate that the heterogeneous design 
has improved core performance data and long-term breeding 
potential.. An improvement of safety is expected, but is 
still to be proved by detailed safety calculations. If 
this is achieved, the development of an heterogeneous core 
design will be recommended for SNR-2." 
The design of heterogeneous cores is, of course, quite complicated and 
requires considerable experience and iteration steps. For example, Spenke, 
who has years of experience in this field, reported [30] that after study-
ing a great number of configurations at Interatom they arrived at a 
heterogeneous design that had essentially the same fissile loading as for 
their SNR-2 homogeneous core. This contrasts with the commonly accepted 
rule in the U.S. that heterogeneous cores have appreciably higher fissile 
loadings. 
Furthermore, it should be made clear that even if the neutronics properties 
of such cores were completely known, there are other areas, particularly 
mechanical and thermodynamic problems, which would need further theore'zical 
and experimental investigation, as indicated by the above quotation. 
Models Used  
For the heterogeneous core models, the fuel element parameters were the 
same as those given in Table I for the homogeneous reactor models. 
The fertile and fissile element region arrangement is shown in Fig. 4. 
This layout is similar to models developed at NIRA, the Italian participant 
in the Superphenix project, which was reported in Refs. [8,10,24]. The 
eartirri. Mes:11,4 	 ; 
core fertile elements have the same composition as those of the x 	al 
blanket. These models have been designed to obtain a fairly flat wer 
distribution during operation and utilize a single fissile element enrich-
ment (an economic advantage because of standardization of the fuel cycle 
operations) [12]. 
The fertile regions of the denatured reactors con!'sted of Th0_ 
while the driver pins contained both UO2 and Th02, the quantity -f the 
latter material depending on the enrichment of the denatured uranium. It 
should also be noted that a heterogeneous case analogous to the 12% 
denatured homogeneous case was not analyzed. The 12% value represents the 
minimum enrichment (i.e., the core assemblies containing 233U and 238U but 
no 232Th) for the homogeneous reactor model employed. For the fuel assembly 
design and reactor configuration assumed, the use of internal fertile 
blanket regions increases the required fissile loading. Thus, the fissile 
enrichment of the driver assemblies must be increased to compensate for 
this effect. In light of this effect, the lowest fissile enrichment con-
sidered for the heterogeneous cases was 20%. 
For the safeguarded energy center transmuter reactors, cases with fresh 
fuel pins of either (Pu/U)02 or (Pu/Th)02 were considered. The former case 
has the advantage of employing a fuel material for which much developmental 
experience exists. A reactor utilizing the latter fuel, on the other hand, 
would have greater' production rate of 233U. All blanket and internal fertile 
zones of the transmuter reactors contained Th02 as the fertile material. 
Results for Heterogeneous Cores  
The approximate power distrib-tions calculated at the beginning and end of 
the initial cycle for a denatured heterogeneous reactor are shown in 
Fig. 6. This result assumes that all energy from fission is deposited at 
the point where the fission occurs, and does include the capture-gamma 
• energy deposition. A detailed coupled neutron-gamma transport calculation 
would be necessary for a more accurate curve. The depicted curve, how-
ever, does illustrate some characteristics of heterogeneous cores which 
make further study of their thermal and mechanical characteristics impera-
tive, e.g., large changes in the internal fertile element power and 
changes in the overall distribution shape during the cycle. For the 
equilibrium cycle the former change is less drastic on the average for 
the fertile annular regions, as is the difference between the power produc-
tion of the outer and inner fissile regions. 
The spectral change between fertile and fissile regions for the denatured 
reactors also contributes to an increase in the 233U/ 239Pu production ratio 
for the heterogeneous cores, relative to that for the homogeneous cases. 
For 20% denatured cases, the average per atom ratio of 232Th capture to 
238U capture was about 15% higher for the core fissile and fertile regions. 
of the heterogeneous reactor than for the homogeneous core. 
Figure 7 demonstrates that the use of a heterogeneous design for the dena-
tured LMFBRs increases the overall br eking ratio, and moreover that the use 
of Th02 internal blanket assemblies markedly improves the 233U to plutonium 
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production ratio. In fact, it appears feasible to design a "self-
sufficient" denatured heterogeneous LMFBR using 30% denatured uranium as 
a fuel. 
The use of the heterogeneous des 	for the safeguarded center results 
in a significant increase in the 433U production rate, even if (Pu/U)0 2 
 drivers are maintained, as indicated by Fig. 8. 
One of the significant results is that the use of heterogeneous designs 
for one or both components tends to increase the asymptotic power ratio 
as well as decrease the overall system doubling time, as illustrated in 
Table VI. It is also interesting to note that the compound system doubl-
ing time reaches a minimum as the enrichment of the denatured fuel is in-
creased up to a certain point (around 30%) and then starts to increase. 
INFLUENCE OF NUCLEAR DATA 
Because there was only minor interest in the 233U-Th cycle for fast breeder 
reactors until the last several years, there has been much less experimental 
and analytical investigation of the significant nuclear data for this 
cycle relative to that for the Pu- 238U cycle. Hence, the estimated error 
limits for the significant nuclear data of the former cycle are considerably 
higher than for the latter cycle. 
A nuclear data change (and also a design change, such as adaptation of the 
heterogeneous core concept) which influences the breeding ratio can have a 
much stronger influence for a case with a low breeding ratio, character-
istic of the alternative cycles, than fora case with a high breeding 
ratio. The doubling time is roughly inversely proportional to the breeding 
gain, i.e., the breeding ratio minus 1; thus a 0.10 change in the breeding 
ratio is clearly much more likely to influence the doubling time significantly 
if the original breeding ratio is 1.1 rather than 1.3. 
As an example of this influence, we have considered the effect-of a new 
evaluation of the 232Th capture cross section by Macklin and Halperin [31]. 
As shown in Fig. 9, their evaluation is roughly 10 - 20% lower than the 
ENDF/B-IV values over a wide energy range. We performed calculations for 
two of the homogeneous cases (20% denatured and Pu/Th transmuter), using 
group cross section values approximating the curve in Fig. 9. The reduc-
tions in the breeding ratios were about 0.05 and 0.07 respectively, which 
corresponds to about a 50% decrease in breeding gain for both these cases. 
While the symbiotic power ratio for a system employing both these reactors 
changed only slightly, the increase in the system doubling time was much 
more significant, increasing by approximately a factor of three. 
Before viewing these results too pessimistically it should be emphasized 
that other important data for the 233U/Th cycle may have compensating 
errors. More importantly, there is conflicting information which indicates 
that the ENDF/B-IV thorium capture data may not be as much in error as 
suggested by [31]. At ''gonne National Laboratory, recent calculations [32] 
1 
with ENDF/B-711 of the per atom 232Th capture to 235U fission ratios for 
al experiments gave calculation/experi- two gas cooled fast reactor critic 
ment values of 1.0+2%. Corrections for foil environment have not yet 
be less than 2 - 3% [32]. been applied, but are estimated to 
While the impact of current inaccuracies of the basic nuclear data on 
the viability of the various alternative fv2.1 cycles is significant, 
is important to note that many unfavorable changes can be accommodated - by 
design modifications. Moreover, efforts to determine more accurate data 
and reduce the uncertainties for significant nuclear parameters involved 
in alternative cycles have increased considerably in the last year. 
CONCLUDING REMARKS 
The denatured fuel cycle, as outlined above, clearly represents a trade-
off between nuclear performance and proliferation concerns. The denatured 
fuel cycle reduces the possibility of using fresh recycle fuel for weapons 
purposes due to the chemical inseparability of the fissile component. 
However, it also reduces the energy growth rate sustainable in a breeder-
based economy. 
In particular, the question of allowable denatured enrichment is cru-
cial. As the results given above indicate, the nuclear performance 
benefits from a relatively high fissile enrichment (up to perhaps: 30% 
233U in 238U for the heterogeneous reactors). However, from a safe-
guards standpoint, a much lower enrichment is desirable. 
The introduction of any new cycle, of course, involves many factors, most 
of which can be characterized as "developmental uncertainties." Such 
uncertainties may delay the introduction of certain reactors and eventually, 
when resolved, eliminate some systems as impractical. The influence of 
present nuclear data uncertainties on the performance has been discussed. 
The need for more studies of the mechanical and thermal properties of the 
heterogeneous core concept has also been mentioned; the French are plan-
ning experimental studies of these characteri-:ics in their Rhapsodie and 
Phenix fast reactors [33]. 
Development of the thorium fuel cycle is necessary for the alternative fuel 
cycles, and this would involve significant new research and development 
programs. At present the information available on the behavior in a 
fast breeder reactor of the mixed oxides proposed for the alternative fuel 
cycles is much less than that for (Pu/U)0 2 fuel. Furthermore, reprocessing 
procedures for the alternative cycles will require considerable development. 
While the above factors and uncertainties may have considerable impact on 
the eventual performance values and paths followed, the calculations 
reported here indicate adequate compound system doubling times may 
eventually be attained with the proposed sy--biotic systeLis of dispersed 
and energy center LMFBRs. 
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The impact of°the denatured fuel cycle on breeder-based nuclear power will 
clearly be significant, resulting in reduced power growth capability com-
pared to a system based only on the Pu/U. Additionally, owing to the 
requirement. for safeguarded energy centers, implementation of the denatured 
fuel cycle will require changes in international institutional arrangements 
as well as international agr Pment on what constitutes "adequate" denatur-
ing. Thus considerations other than the purely technical aspects addressed 
here will clearly impact the viability of the denatured fuel cycle. 
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TABLE I. PARAMETERS OF BASIC HOMOGENEOUS CORE LI1FBR DESIGN 
USED IN THIS STUDY 
Power (MWe) 	 1200 
Power (MWth) 	 3085 
Fuel Density (1% TD) 	 92 
Core Height (in.) 	 42 
Axial Blanket Height (in.) 	 13 
Rods/Assembly 	 271 
Spacers 	 Wire 
Channel Pitch (in.) 	 5.47 
Rod Pitch/Diameter (P/D) 	 1.20 
Rid OD (in.) 	 0.260 
Cladding Thickness (in.) 	 0.012 
Fuel Gap (in.) 	 0.0055 
Channel Wall Thickness (in.) 	 0.080 
Channel Gap (in.) 	 0.080 
Fuel Volume Fraction (%) 	 43.3 
Structure Volume Fraction (%) 	 17.4 
Sodium Volume Fraction (%) 	 39.3 
Cylindrical Model 
Inner Core Max. Radius (f.) 	 40.3 
Outer Core Max. Radius (in.) 	 56.4 
Radial Blanket Thickness (in.) 	 15.3 
TABLE II. ALTERNATE OXIDE-FUELED HOMOGENEOUS T:7:7FBR PERFORMANCE PARAMETERS 
(2% losses, 1 year ex-reactor inventory) 









(yr) Fissile 	Fertile 
Pu 238U 238u 238u 1.272 - '.7 
Pu 238U 238u 23 2Th 1.272 13.0 
233u 238u '1,12% 23 8u 23 2Th 1.127 24.3 
233U 238u q,12% 23 2Th 23 2Th 1.121 26.6 
233u 238U/232Th 20% 23 2Th 23 2Th 1.086 43.2 
233u 238U/232Th 40% 232Th 232Th 1.048 116.4 
233u 232Th 100% 23 2Th 23 2Th 1.020 -696.4 
TABLE III. PERFORMANCE CHARACTERISTICS OF SOME OXIDE-FUELED 233 U 
PRODUCTION HOMOGENEOUS LMFBRs 
Fuel 	Blanket 
material material 
Net eq. cycle production 
(kg/GWe-year)  





Th 	 + 15.2 
	
1.020 
Pu/ 238 U 
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TABLE IV. EQUILIBRIUM CYCLE SYMBIOTIC. PARAMETERS OF OXIDE-FUELED 
HOMOGENEOUS LMFBRs 























RB 40% denatured 0.00 1.00 2.63 23.7 2.9 
Pu/Th '1,12% denatured 1.13 1.32 1.57 29.0 2.4 
Pu/Th 20% denatured 2.52 2.83 3.79 40.9 1.7 
Pu/Th 40% denatured 6.55 6.92 9.93 88.7 0.8 
(Pu/U) CO 12.7 5.4 
a
CSDT = Compound System Doubling Time 
TABLE V. RADIAL STATIAL VARIATION OF CERTAIN GROUP FLUXES 
FOR A HETEROGENEOUS CORE MODEL [24]a 
Region 020 05 020/05 
. 
1. FERT 1.161 2.597 0.447 
2. FISS 0.780 9.497 0.082 
3. FERT 1.096 6.791 0.161 
4. FISS 0.837 11.02 0.076 
5. FERT 1.144 6.892 0.166 
6. FISS 0.852 10.66 0.080 
7. FERT 1.104 6.942 0.159 
8. FISS 0.604 10.43 0.057 
aValues are at points near the center of 
the designated core regions, numbered 
from core center. 0 is in arbitrary 
units, with energy limits for groups 
iven in Fig. 5. 
TABLE VI. PERFORMANCE IMPROVEMENT WITH HETEROGENEOUS OXIDE 
DESIGNS IN SYMBIOTIC SYSTEMS 
Energy center 	 Dispersed 
	reactor 	 reactor 	PoT,Ter ratio 	CSDT 
ivix 	Blanket 	Driver 	Blank__ 'in. 	Asym. 	Max. (yr) 
Pu/U Th D20* Th 0.96 1.76 5.76 15.7 
Pu/U Th D20 Th 1.23 2.25 17.2 16.1 
Pu/U Th D30 Th 2.16 3.97 m 15.7 
Pu/U Th D40 Th 3.31 5.82 m 17.4 
Pu/Th Th D20* Th 2.10 2.85 8.41 18.5 
Pu/Th Th D20 Th 2.71 3.69 25.1 18.5 
Pu/Th Th D30 Th 4.73 6.59 m 17.0 
Pu/Th Th D40 Th 7.26 9.87 m 18.6 
*
Axial extensions of driver contain depleted U; D20 means 20% denatured. 
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1. Schematic F•1-.:1 Flow for Denatured Dispersed/Energy Center Symbiosis. 
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.Fig. 2. Alternate LMFBR Fuel Cycle Breeding Ratio Components. 
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Fig. 5. Neutron Flux (fig) and Generalized Adjoint (4,z ) Radial Dependence for 
a Heterogeneous Core. (Energy groups 5 and n have boundaries cf 
0.821 - 1.35 MeV and 454 - 748 eV, respectively.) 
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Fig. 6. Radial Power Distributions for a Typical Denatured Heterogeneous 
Core Configuration. (Solid line, beginning of cycle; dashed line, 
end of cycle.) 



















Fig. 7. Increases in 
233U Fraction of Bred Fuel with Heterogeneous Denatured 











Fig. 8.. Increases in 
233U Production with Heterogeneous "Transmuters."_ 
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APPENDIX IV. 
Determination of "Base" Models for Heterogeneous LMFBR Cores, 
Based on GE LCCEWG Model [13]. 
1. Geometry - Using the NIRA Model 1 [9] as a guide for determining the 
number of rows in each region, the GE LCCEWG core [13] was divided into 
alternating fertile and fissile regions (see Fig. IV-1, 1200 MWe Core 
Layout). The area of each region was then determined using the hexagonal 
fuel assumbly pitch of 5.47 inches (13.89 cm) and the number of fuel 
assemblies per region (see Table IV-1). Core and axial blanket heights 
are as for the GE model, given on page 111-18 (107.7 cm and 33.3 cm, 
respectively). Additionally, the shield dimension from the GE model was 
added to the core radius (i.e., 195 - 182.06 = 12.94 cm). 
2. Outside the Fence Denatured Reactor Nuclide Concentrations 
A. Fertile Inside Core - Same as Tom Burns' calculation (DU2OTT.HM1) 
except that no concentration was added for channel (51). 
B. Fertile Outside Core - Same as Tom Burns' calculation (DU2OTT.HM1) 
except that no concentration was added for channel (51) and 
control (61). 
C. Core Fissile - No channel (51) concentration added. Cladding (31) 
















have identical molecular densities, the 
The two-digit numbers after various materials refers to the 








238 . Moreover, the initial concentration for U
233 
before 
the k search is the same as that of Pu for the GE model. 
D. Axial Blanket - Channel (51) and control (61) concentrations are 
zero. Na and clad (31) concentration the same as the GE model. 
Th0
2 determined by correcting the concentration of UO 2 
as follows: 
Th02UO2 	10 	238 + 32  
N 	= N 	x 
10.5 232 + 32 
= (.009019)(.974) 
= .008784 
(units of all densities are 10
24 
atoms/cc) 
E. Radial Blanket - Same as Tom Burns' calculation (DU2TT.HM1). Note 
that he used 10 g/cc as the density for Th0 2 . 
F. Shielding - Same as the GE Model. 
Table IV-2 gives the resulting CITATION input parameters for this 
model. 
3. Inside the Fence Pu/Th Reactor Nuclide Concentrations 
A. Fertile Inside Core - Same as 2 above. 
B. Fertile Outside Core - Same as 2 above. 
C. Core Fissile - Using the densities listed in GE Model CZ2 and of .ing 






and that the number of Th02 
molecules can be determined as in 1D above, the following calculations 
were made for an enrichment of 30%: 
Pu + x 
(Pu + x) + (Th - .974x) 
where 	Pu = 1.722 x 10
-3 
in = (.976)(7.248 x 10 -3 ) 
= 7.060 x 10
-3 
(!“-?e 2.D.for ch:rivation of the factor .974) 
x = .9053 x 10-3 
- .3 
IV-3 
After the above atom exchange was calculated, Pu isotope concen-
trations were determined to be consistent with the following Pu 
isotope weight percentages listed in Table VII, Large Hetero-













The approximately 1% of Pu 238 was ignored. 
D. Axial Blanket - Same as 2 above. 
E. Radial Blanket - Same as 2 above. 
F. Shielding - Same as 2 above. 
Table IV-3 gives the resulting CITATION input parameters for this 
model. 
- 	- . 
J • ! 	,t„ 
'r 	— "drq -114 -1:Py 
Fertile 
Fig. IV-1. Layout for Heterogeneous 
Core "Base Models, based on 
GE LCCEWC Reactor [13]. 
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TABLE IV-1 
Calculation of Effective Radii for Various Regions 
Pitch = 5.47" = 13.8938 cm 
1. 0 I 
13,2 93a 
69,16,9 
X - S s,- eve ° 
O 2 5"7 
2. Area of Hexagon = 2.59808.4.
2 
(from CRC) 
= (2.59808)(8.02157) 2 
 = 167.17831 cm2 
3. Region I 
No. of Hex = 7 
Area = 7 (167.17831 cm
2
) = 1170.2315 cm2 
Equivalent Circle= R = ATT 
= 19.300298 cm 
Vol (1/2 core height) = 9004 cm 3 (1/2 height = 53.86 cm) 
4. Region II 
No. of Hex = 6 + 6 + lo + 8 = 30 
Areal' = 30(167.17831 cm2 ) = 5015.3493 
AreaTOT = Area ' + Areal ' = 6185.5974 
Equivalent Circle= R = /K77; 
= 44. 3 72703 
ARIL = RTOT - RI 
Z5-00 72_ sto 
5. Region III 
No. of Hex = 24 
Area111 = 24(167.17831) = 4012.2794 
AreaTOT = AreaTOT II + Area III = 10197.876 
Equivalent Circle= RTOT = 7A-171HTT 
= 56.97442 
ARIII = RTOT RTOT II 
= 12.601717 
6. Region IV 
No. of Hex = 30 + 36 = 66 
Area IV = 66(167.17831) = 11033.768 
Area TOT = Areay 	+ Area IV = 21231.644 
Equivalent Circle= R = ✓A Tr 
O A T
OT 82.208525 






7. Region V 
No. of Hex = 42 
Area V = 42(167.17831) = 7021.489 
Area TOT = Area Ty 	+ Area IV = 21231.644 
Equivalent Circle = R= VA 'a 
RTOT = 94.832755 
ARV  = RTOT RTOT IV 
= 12.62423 
8. Region VI 
No. of Hex = 48 + 54 = 102 
Area VI = 102(167.17831) = 17052.187 
Area TOT = AreaToT v + Area VI = 45305.32 
Equivalent Circle = R= ✓Ahr 
RTOT = 120.08801 
6'RVI = RTOT RTOT V = 25.25526 
9. Region VII 
No. of Hex = 60 
Area VII = 60(167.17831) = 10030.698 
Area TOT = Area AT--IV + Area VII = 55336.018 
Equivalent Circle = R = YAra 
RTOT = 132.71774 
ARVII = RTOT RTOT IV 
= 12.62973 
10. Region VIII 
No. of Hex = 66 + 72 + 78 = 216 
Area VIII = 216(167.17831) = 36110.514 
Area TOT = AreaFT._ , VII + Area VIII = 91446.532 
Equivalent Circle = R = Arrt 
RTOT = 170.61164 
ARVIII = RTOT 
11. Region IX 
No. of Hex = 84 + 90 + 96 - 270 
Area IX = 270(167.17831) = 45138.143 
Area TOT = Area,IOT VIII + Area IX = 136584.67 
Equivalent Circle= RTOT = 208.50959 
ARIX = RTOT RTOT VIII = 37 . 89795 







AR 	 R . 
1 otter 
(Fertile) Region I 	19.300 	19.300 
(Fuel) 	Region II 25.072 44.372 
(Fertile) Region III 	12.602 	56.974 
(Fuel) 	Region IV 25.234 82.208 
(Fertile) Region V 	12.624 	94.832 
(Fuel) 	Region VI 25.235 120.087 
(Fertile) Region VII 	12.630 	132.717 
(Fuel) 	Region VIII 37.894 170.611 
(Rad. Blkt.) Region IX 	37.898 	208.509 
(Shield) 	Shield X 12.94 221.449 
See Figure, page 111-24, for a schematic diagram of this model. 
IV- 8 
TABLE IV- 2 




O 0 	0 	0 	0 	0 	n 	r• 	 i 	'_) 	0 	000C 	f., 	r, 	'-, 
O 0 0 0 0 0 1 0 0 1 0 1 
200100 10 2 3 	 5 	2 1 
	
5 
2. 	 .1 1. 	 0. 	 1. 
003 
0 0 0 0 7 0 0 00 0 1 	1 
.0001 	 .00001 	0.000 .0001 
	
3085. 	 1.065 	 .5 
004 
4 19.300 	o 25.072 	3 12.602 	5 25.234 	3 12.024 	5 23.255 
3 12.630 1 37.894 / 37.F90 3 12.940 
11 53.860 	1 33.350 	3 12.790 
1 	2 	1 	2 	1 	2 	1 	2 	5 	0 
34 3 4 3 4 • 3 4 3 6 
• 0 0 6 0 0 6 6 6 0 
1 	1 0 2 1 1 0 0 FERf I 	(Fertile Regions in Core) 
2 2 0 1 	) 1 	0 0 CORE I-LDS (Core Fissile Regions) 
330 2 01 0 0 FERT, OUT 	(Fert. Regions in Ax. Blkt. Above/Below 
4 4 0 2 0 1 0 0 AX 	 Core Fert. Regions) 
• 5 0 2 ) 1 0 0 PAD HUI 
O () 0 2 	) 1 0 0 6TRUCT 	(Shield) 
018 
15 17 23 25 	11 19 2 ,1 	26 	31 41 43 51 	61 
020 
1 - 	1 	0 	0 
11 1.366-02 :)! 9.800-03 41 6.070-03 43 2.732-r-)2 51 0.000 
2 2 0 0 
15 1.722-03 17 1.800-05 19 7.230-03 41 8.080-03 43 1.804-02 31 1.476-02 
51 0.000-03 
3300 
11 1.366-02 31 9.800-03 41 6.070-03 43 2.732-02 51 0.000-05 61 0.000 
4 4 0 0 
11 8.764-03 ii 1. 476-02 41 8.080-03 43 1.757-02 51 0.000-05 61 0.000 
5 	00 
11 1.366-02 31 9.800-03 41 6.070-03 A3 2.732-02 




11: Th232 	15: U 233 	17: U 235 	19: U 238 23: Pu 239 
24: Pu 240 25: Pu 241 26: Pu 242 31: SS 	 41: BLKT 
43: 0 	 51: Control Channel 	 61: Control Chan w/rod in 
• 71: Fiss Prod. (31,51 & 61 comp. defined by Tom Burns) 
IV-9 
TABLE IV-3 
Input Dimensions and Atom Densities for Base 
Case (PTTGXX) for a Pu/Th Heterogeneous LMFBR 
(See Table IV-2 for region and material definitions) 
Y 	'XX 





30%-3 	1. T 	, -...1. 
0 	fi 	n 	0 
ODRCTI.) - 
 0 	0 	0 	0 0 0 	n 
0 	0 0 	0 0 0 	 0001 0 1 
2001'00 	10 2 3 5 	2 2 I 	2 	5 
2. .1 	 1. 0. 1. 1. 
003 
0 	0 	007 0 	0 	0 	0 	011 
.0001 .00001 0.000 .0001 
3085. 1.065 .5 
004 
4 	19.30J 5 23.072 	3 	12.602 5 25.234 3 12.624 5 25.255 
3 	12 .o3D / 37.894 7 37.898 3 	12.9 40 
11 	53.660 7 33.350 	3 	12.790 
005 
1 	2 	I 	2 1 2. 	2 	5 	6 
3 4 3 4 3 4. 3 4 5 
6 	6 	6 	6 6 6 	6 	6 	6 	0 
012 
1 	1 	0 	2 0 I 	0 	0 	Fl-qT 	IN 
2 2 1 0 I 0 	0 	COr?r: FISS 
3 	3 	0 	2 0 1 	0 r. FEQT OUT 
4 4 0 2 0 1 0 	0 AX BLKT 
5 	 2 0 1 	0 0 PAD L$LKT 
o 6 	0 	2 0 1 0 	0 	STRUCT 
016 
.16 	1/ 	23 	25 ' II 	19 	24 	20 31 	41 	43 	51 61 
U20 
1 	1 	0 	0 
11 	1.360-02 31 9.800-03 	41 	f..).070-03 43 2.732-n2 51 0.000 
2 2 	0 	0 
23 	1./o7-03 24 5.047-04 25 2.661-04 26 6.292-05 41 8.090-n3 31 1. 4 76- 02 
43 	1.,,04-02 11 6.131-03 51 	0.000-03 
3 	0 	0 
11 	1.66-02 31 9.800-03 41 	6.070-03 2.732-02 51 0. 000-05 61 0.000 
4 	4 	0 	0 
11 	b./84-03 31 1.476-02 41 	8.080-03 43 	1./57-02 51 0.000-05 61 0.600 
5 	5 	0 	0 




Table V 	Summary of Heterogenous Reactor Calculations for Models Based on Reactor  
Proposal by GE for LCCEWG Study [13]. 
NAME GEOMETRY k @ BOL BR 
UUTGXS.273 Base 1.030 1.284 
UUTGAS.273 -10% Fiss width 1.030 1.294 
UUTGBS.273 -25% Fiss width 1.030 1.316 
UUTGCS.273 -10% Fiss width, -5% out Fiss 1.030 1.280 
UUTGDS.273 -16% Fiss width, -5% out Fiss 1.030 1.286 
UUTGES.273 -16% Fiss width, -7% out Fiss 1.030 1.280  





UUTGDS.546 -16% Fiss width , -5% out Fiss- 
UUTGDS.EQI -16% Fiss width , -5% out Fiss 1.030 1.302 
UUTGBS.546 . 	-25% Fiss width 1.050 1.273 
UUTGAS.27A  -10% Fiss width 1.030 1.319 
NAME GEOMETRY k @ BOL BR 
PUUGXS.273 Blase - 1.030 1.387 
PUUGAS.273 -10% Fiss widjh 1.010 1.417 
PUUGBS.273 -25% Ftss_wisiIh L.DaQL-475____________- 
1.010 1 	43R PUUGCS.273 -16% Fiss width 
PUUGDS.271 -16% Fiss width, -5% out Fiss 1.030 
1.030 
1 	425 
1-419 puucFs 271 -16% Fiss width , 	-7% nut Fiss 






PUUGDS 546 -1E% Fiss width, -5% of 	Fiss  
- 1/3 outer Fiss Rina tD PUUG1S.273 
0 
Table V (continued) 
NAME GEOMETRY k @ BOL BR . 
PTTGXS.273 Base 1.030 1.235 
PTTG1S.273 -1/3 outer Fiss Ring 1.030 1.200 
PTTGAS.273 -10% Fiss width 1.030 1.269 
PTTGBS.273 -25% Fiss width 1.030 1.337* 
PTTGCS.273 -10% Fiss width, -5% out Fiss 1.030 1.257 
PTTGDS.273 -10% Fiss width, -7% out Fiss 1.030 1.252 
PTTGCS.546 -10% Fiss width, -5% out Fiss 0.986 1.277 
*Not EOC 
NAME GEOMETRY k @ BOL BR 
PUTGXS.273 Base 1.030 1.363 
PUTG1S.273 -33% outer Fiss Ring 1.030 1.307* 
PUTGAS.273 -10% Fiss width 1.030 1.401* 
PUTGBS.273 -25% Fiss width 1.030 1.448 
PUTGCS.273 -10% Fiss width, -5% out Fiss 1.030 1.373 
PUTGCS.546 -10% Fiss width, -5% out Fiss 0.995 1.387 
*Not EOC 
*Example of Geometry Description: "-10% Fiss width, -7% out Fiss" means an initial 
10% decrease in the widths of all fissile annuli, and an additional 7% decrease in 
the width of the center fissile annulus. (See sec. 2.4) 
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INVESTIGATIONS OF HETEROGENEOUS LMFBR CORES 
WITH ALTERNATIVE FUEL CYCLES 
by J. M. Kallfelz and A. Livrieri 
Progress Report for ORNL Subcontract 3986 
June 1978 
ABSTRACT 
Investigations of heterogeneous LMFBR cores for alternative fuel 
cycles are being performed at the Georgia Institue of Technology under 
ORNL Subcontract 3986, and this report covers the April-June (l97&) 
quarter. Results are given for a (Pu/U)02 reference reactor and trans-
muter and denatured reactors, all based on the GE design designated as 
the "starting-point" reference reactor in the initial guidelines of the 
Proliferation-Resistant LMFBR Core Design Studies (PRLCDS). The pin 
size of these designs was that of CRBR, and the resulting breeding 
performance for all classes of reactors was inferior to that of models 
with larger pins which we previously studied. The PRLCDS guidelines 
do not prescribe the pin size, and we discuss the pin size, fuel volume 
fraction, and their influence on breeding performance. Finally, the 
planned work for the next quarter of this project is discussed. 
-1- 
1. GE Model From LHRFDS Study 
For the Proliferation-Resistant LMFBR Core Design Studies (PRLCDS) 
[2], the GE heterogeneous level II design [3] of the Large Heterogeneous 
Reference Fuel Design Study (LHRFDS) [4] was chosen as the reference 
(Pu/U)0 2 design in the original guidelines [9] which stated that this 
reference design shall be updated only if necessary. Given the present 
interest in this model, we have performed calculations for various fuel 
cycles using the PRLCDS model as our base design. The results for the 
reference (Pu/U)02 design were reported in our March 1978 progress report, 
and are repeated here for completeness. 
1.1 Reference (Pu/U)02 Design 
The GE report [3] gives a description of their (Pu/U)02 design, and 
we have used the r-z model described therein for our calculations. From 
the data given in this reference [3], we were unable to derive consistent 
values for the atom densities in the various regions. Since the fuel 
pins used in this model are those of the CRBR, we used the CRBR region 
densities of Ref. [5] given in Appendix A for our preliminary calculations, 
changing only the fuel enrichment to obtain criticality. Our calculations 
should not reproduce the GE results precisely, since GE used slightly 
larger fuel elements than for CRBR (271 vs. 217 pins/element) and fertile 
pins smaller than those of CRBR. However, our preliminary quasi-
equilibrium cycle [1] calculations are adequate to investigate the general 
characteristics of the GE model. 
Results for our calculations of the (Pu/U)02 design are given in 
Table 1 and Figs. 1 and 2. The GE report [3] does not define the time in 
-2- 
Table 1. Results for Our Calculations of the GE PUU Heterogeneous 
Model from LHRFDS [3]. 
CYCLE DAYS 0 136.5 273 409.5 
K
eff 1.007 1.010 1.013 1.015 
Breeding Ratio 1.408 1.389 1.348 1.294 
Pmax (W/cc) 672 692 693 684 
Fissile Mass (FM) 	[kg] 
Pu-239 	 . 4472 4756 5007 5230 
Pu-241 677 614 562 518 
U-235 327 305 286 269 
(a) FM(409.5)-FM(136.5) 	[kg] 
(b) FM(273) -FM(0) 	[kg] 
(b) (a) 
Pu-239 +535 +474 
Pu-241 . -115 - 96 
U-235 - 41 - 36 
Total +379 +342 





























Fig. 1. Power Distribution for Our Quasi-Equilibrium Cycle Calculation of the GE 
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Fig. 2. Radial Linear Power Profile (Core Midplane) for GE Heterogeneous PUU Model 
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the cycle for which the performance indices are quoted, but assuming 
their breeding ratio value of 1.336 is for the middle of the equilibrium 
cycle, our value of 1.348 for the middle of the quasi-equilibrium cycle 
is in good agreement. Figure 2 presents the radial layout of the 
various core regions for this model, and allows a comparison of the 
radial linear power profile for our results and those of GE. Due to the 
approximations in our model discussed above, we would not expect pre-
cise agreement, but the general behavior of the curves is approximately 
the same for the two cases, with the GE power distribution being some-
what flatter than for our case. 
The breeding ratio for the GE model is generally appreciably smaller 
(about 10%) than the results for PUUG cases in section 4 of Appendix I 
of our previous report [1]. The fissile loading for the GE LHRFDS model 
is also somewhat higher than the latter cases. Thus, the 16.7 year 
doubling time of the GE model [3] is somewhat higher than the 12-13 year 
values given in Table 4.4 of [1] for our models. The principal reason 
for this difference is probably the fact that for the LHRFDS use of 
.23 in OD CRBR fuel pins was required. The base model we used [6] had 
somewhat larger fuel pins (.26 in OD) with a smaller pin P/D ratio and 
a larger fuel volume fraction than for the CRBR. Various studies [7] 
have indicated that the minimum doubling time for a heterogeneous core 
is obtained with a fuel pin somewhat larger than that of the CRBR. 
There appears to be a small inconsistency between the stated fuel pin 
size and fuel volume fraction for the GE LCCEWG model [6] used as the 
basis for our original models; this inconsistency will be discussed in 
section 2, below. 
1.2. Transmuter and Denatured Reactors Based on the GE LMRFDS Reference  
Design  
Using the same basic model, we have performed calculations for the 
same alternative fuel cycles considered in our previous calculations [1]. 
The atom densities for the various cases were obtained as described in 
Appendix IV of [1]. Volume fractions of the various constituents were 
the same for all models. 
(1) PUT - (Pu/U)02 drivers, and Th0 2 fertile regions. The driver 
densities were the same as for those of the base case, while the 
concentration of the Th0 2 in the various fertile regions was 
obtained from the following expression: 
10.0 x 238 + 32 . 	x NUO2 
Th00 	UO, x 	 0.974 
N 	" = N ` 10.5 	232 + 32 
(2) PTT - (Pu/Th)02 drivers, and Th02 fertile regions. The fertile 
region densities were as for the PUT case. We assumed that in 
(Pu/U)0 2 , Pu and U atoms can be exchanged on a one-for-one basis, 
and that for a given amount of Pu/cc in (Pu/Th)0 2 fuel, the Th0 2 
 molecular density would be 0.974 (calculated in the previous para-
graph) of the UO 2 molecular density in (Pu/U)0 2 fuel. Thus we 
used the following expression to estimate the fuel constituent 
densities for the input value of 36% enrichment, which we esti-
mated to be approximately the value needed at BOL, 
NPu + X  
(N
Pu 





NPu = 1.3066 E-3, the sum of the densities of plutonium isotopes 
239-242 in CRBR core zone 1 (see Appendix A), 
and 
NTh = 5.613 E-3, 0.974 times the density of uranium in the same 
zone. 
The resulting X value is 1.196 E-3. 
The above approximation is consistent with density values for 
(Pu/U)0 2 and (Pu/Th)02 fuel of 10.35 g/cc and 10.23 g/cc, respectively, 
given in the ORNL revision of the data sheets from the HEDL September 
1977 Design Characteristics books [8]. 
Results for the "new" PUT and PTT cases based on the PRLCDS reference 
model are given in Tables 2 and 3, respectively. Comparing these results 
with those of our "old" models reported in [1], we can see that: 
(1) The fissile loading and breeding ratio for the new model are generally 
about 20-30% higher, and 5-10% lower, respectively, than the values 
for the old model. 
(2) For the new models the change in the maximum power density during the 
cycle is appreciably smaller than for the old cases. 
(3) While the total fissile production during a cycle is generally apprec-
iably higher for the old models, the production of U-233 is much 
larger for the new models. 
For the denatured UUT case, we have first assumed the U-233 atom 
density to be the same as that of the plutonium in the PUT case, with 
the other densities unchanged. Then we reduced the density of U235 and 
Table 2. Results for the PUT Heterogeneous Reactor Based on the GE 
Model from LHRFDS [3]. 
CYCLE DAYS 0 136.5 273 409.5 
Keff 
0.999 1.012 1.022 1.029 
Breeding Ratio 1.362 1.335 1.281 1.215 
P 	(W/cc) max 694 
726 727 713 
Fissile Mass (FM) 	[kg] 
Pu-239 4967 4676 4419 4188 
Pu-241 752 683 621 577 
U-233 537 999 1399 
U-235 101 92 83 75 
(a) FM(409.5)-FM(136.5) 	[kg] 
(b) FM(273) -FM(0) 	[kg] 
(b) (a) 
Pu-239 -548 -488 
Pu-241 -131 -106 
U-233 +999 +862 
U-235 - 18 - 17 
Total +302 +251 




• ■ • ......... 
Table 3. Results for the PTT Heterogeneous Reactor Based on the GE 
Model from LHRFDS [3]. 
CYCLE DAYS 0 136.5 273 409.5 
Keff 1.000 1.015 1.026 1.035 
Breeding Ratio 1.310 1.283 1.230 1.166 
PAX (W/cc) 711 742 741 726 
Fissile Mass (FM) 	[kg] 
Pu-239 5363 4886 4469 4099 
Pu-241 812 738 677 625 
U-233 689 1277 1783 
(a) FM(409.5)-FM(136.5) 	[kg] 
(b) FM(273) -FM(0) 	[kg] 
(b) (a) 
Pu-239 -894 -787 
Pu-241 -135 -113 
U-233 +1277 +1094 
Total + 248 + 194 




1 -10- U238 in the core fissile to arrive at an enrichment of 19.1%, replacing 
the removed uranium with thorium. This enrichment would have allowed 
comparison with cases in [1] with the same denaturing, but for our new 
model it was impossible to go critical with this enrichment. 
We thus reduced this constraint, and achieved criticality with 22.7% 
denaturing. The results, shown in Table 4, indicate a k
eff 
value which 
had a much smaller change during the cycle than was the case for the old 
UUT cases [1]. Otherwise, the comparison between the new and old UUT 
cases shows the same trends indicated by points (1)-(3) above for the 
PUT and PTT cases. 
1.3. Compound Fissile Doubling Time 
For the cases discussed above we have performed calculations of the 
compound fissile doubling time (CFDT) defined as in [1]: 
0.693 x (fissile mass, initial core + 1 reload) 
CFDT = 	  
(0.98 quasi-eq. cycle fissile discharge)- 
(quasi-eq. cycle fissile charge) 
The value of 0.98 corresponds to 2% losses, and we have assumed that one 
reload is 1/2 an initial core. 
The CFDT results for all cases are given in Table 5. These values 
are considerably larger than those for the "old" models reported in 
[1]: roughly 13, 17, 24 and 33 years for the PUU, PUT, UUT and PTT 
reactors, respectively. 
As mentioned earlier for the PUU case, the principal reason for the 
poorer breeding performance of the "new" model is probably the fact that 
for the LHRFDS the use of small (0.23 in OD) CRBR fuel pins, with a 
corresponding small fuel volume fraction, was required. Remembering that 
Table 4. Results for the UUT Heterogeneous Reactor Based on the GE 
Model from LHRFDS [3]. 
CYCLE DAYS 0 136.5 273 409.5 
Reff 1.012 1.011 1.010 1.008 
Breeding Ratio 1.245 1.237 1.216 1.186 
P 	(W/cc) 
max 
776 788 778 757 
Fissile Mass (FM) [kg] 
U-233 4837 4816 4797 4779 
U-235 118 108 98 90 
Pu-239 161 309 443 
(a) FM(409.5)-FM(136.5) 	[kg] 
(b) FM(273) -FM(0) 	(kg] 
(b) (a) 
Pu-239 +309 +282 
U-233 - 40 - 37 
U-235 - 20 - 18 
Total +249 +227 




Percent Denatured 22.7 
Table 5. Compound Fissile Doubling Time (CFDT) for Various Cases Based 
on the GE Model from LNRFDS [3]. 





the original PRCLDS guidelines stated that the GE LHRFDS "reference" 
model should be updated only if necessary, it is interesting to note 
that for both the heterogeneous and homogeneous reactors, the partici-
pants in PRCLDS have increased the fuel pin size in their preliminary 
models [10,11]. Westinghouse [11] considers 0.31 in OD pins for all 
their heterogeneous models, while GE [10] uses OD values of 0.29, 0.31, 
and 0.34 in for the fuel pins of their homogeneous PUU, PTT, and UUT 
reactors, respectively. For the denatured UUT case, one of the Westing-
house heterogeneous designs in this study has an enrichment of only 
13% [11]. We will discuss the fuel volume fraction in more detail in 
the following section. 
2. Pin Size and Fuel Volume Fraction (FVF)  
As indicated previously, there have been various studies of the 
relation between pin size, fuel volume fraction, and breeding character-
istics. For the Pu/U cycle, an ANL paper at the Gatlinburg meeting [7] 
gives results for heterogeneous and homogeneous cores. For homogeneous 
cores, the CSDT drops appreciably with pin size up to the maximum out-
side diameter they considered, 8.38 mm. For the loosely coupled 
heterogeneous core they considered, there was only a very small drop in 
the CSDT when going from 7.62 to 8.38 mm OD pins. 
Similar trends resulted from a Westinghouse study of (U-Th)02 
systems [11], which indicated a strong decrease in the CSDT with increas-
ing fuel volume fraction (FVF) up to about 0.52 FVF for the homogeneous 
reactor, while the heterogeneous reactor CSDT decreased only slightly 
as the FVF increased from .40 to .45. 
As mentioned in section 1, the preliminary PRLCDS designs of 
GE [10] and WARD [11] all have larger pins than the 0.26 in OD pins of 
our old models [1]. Furthermore, for the homogeneous designs GE used 
pin size OD values varying from 0.29 in for the PUU model to 0.34 
in for the UUT case, with the corresponding fuel volume fraction varying 
from 0.427 to 0.466. WARD studied a 0.31 in pin for the reference, 
transmuter, and denatured heterogeneous designs. For the (Pu/U)02 driver 
reactors they also considered the 0.23 in CRBR pin, which for the 
PUU case had a CSDT three years larger than the 16 year value for the 
0.31 in pin. (CSDT not corrected for pre-equilibrium buildup.) 
For the ORNL/Ga Tech studies of alternative fuel cycles the same 
pin size was used for all cases, for both homogeneous and heterogeneous 
designs. Obviously for our future studies we should incorporate in-
formation on optimum pin sizes presently becoming available through the 
PRLCDS. Particular attention should be paid to the pin size for the 
homogeneous designs, since their breeding performance is apparently 
more sensitive to pin size than is the case for heterogeneous designs. 
In this context some comments on calculating fuel volume fraction 
are in order. It appears that generally the FVF is calculated assuming 
the pellet swelling has closed the pellet-clad gap, i.e., the volume of 
the fuel is determined from a pellet diameter equal to the ID of the 
clad. For instance, the GE PRLCDS report [10] gives an assembly pitch 
of 6.38 cm, a pin OD of 0.29 in, and a clad thickness of 0.012 in 
Assuming the fuel fills the clad, for 271 pins/assembly we calculate a 
pin cross-sectional area of 15.06 in2 . With an equivalent element cross 
section area (based on the element pitch) of 35.25 in 2 , the resulting 
FVF is 42.7%, the value given by GE [10]. 
On the other hand, for the numbers given for the GE LCCEWG model 
[6] used as a basis for our studies, we are unable to arrive at the 
quoted FVF using the above method. The element pitch is 5.47 in 
(13.893 cm), the pin OD is 0.26 in (.6604 cm), and the fuel gap is 
0.0055 in (0.01397 cm). With 271 pins/assembly, the area inside the clad is 
76.48 cm2 . With an equivalent element cores section area of 167.18 cm 2 , 
the resulting FVF would be 0.457, appreciably higher than the 0.433 
value given by GE for the LCCEWG model [6]. The FVF value calculated 
before the fuel swells is 0.416; if we assume that the fuel swells to 
fill half of the gap area, we arrive at a FVF of 0.436, which is close 
to the stated value of 0.433. 
Obviously the required coolant volume fraction depends on various 
factors, e.g., pin size, maximum linear power, flow rate, core AT, axial 
peaking factor, core height, etc. However, it may be useful for studies 
of the influence of pin size on breeding ratio to assume that the core 
height, core AT, Na flow rate and axial peaking factors are the same. 
Then roughly the volume of sodium per pin should be proportional to the 
maximum pin linear power. If the later value is approximately the 
same, and the pins per assembly is the same, then the sodium cross-
sectional area inside the various assemblies should be roughly the same. 
We have checked this assumption against the results given by GE for 
their PRLCDS [10], for which the core height and core AT are the same; 
the parameters of interest are given in Table VI. 
Table VI. 
Parameter 
Parameters for GE Homogeneous 
Core PRLCDS Designs [10] 
Reference 	Transmuter Denatured 








Asby Pitch (in) 6.38 6.63 7.12 
Pin OD (in) 0.29 0.31 0.34 
Pin P/D 1.20 1.17 1.15 
Coolant Vol. Fract (%) 40.1 37.9 35.8 
With the above values, we calculate the following results for the coolant 
cross-sectional area: 
Table VII. Parameters Related to Energy Removal, 
for GE-PRLCDS Designs 
Parameter 	 Reference 	Transmuter 	Denatured  
(a) Coolant area 
inside element [in 2 ] 
(horizontal cross-section) 
(a)/(a) for reference 
reactor 
Fuel type 
(b) Power-to-melt for 
fuel used in various 
designs 	[12] 	(kw/ft) 




















= uranium tailings, with 0.2 wt% U235. 
From Table VII we see that the coolant per pin varies less than 8% 
for the three models, and that the only appreciably higher value is for 
UO2 , which also has an appreciably higher linear power-to-melt, as 
determined by WARD. The pin sizes and enrichments for the linear power 
guidelines deviate somewhat from the values used by GE, and of course 
the GE design actual average linear powers are probably not in the same 
ratio as the power-to-melt values. It appears that the suggested 
approximation for determining the necessary coolant volume would be 
adequate for survey calculations of the influence of pin size on 
breeding parameters. 
3. Neutron Leakage by Zone  
Because of errors discovered in the transport cross sections of 
the ORNL data set which we have been using for our calculations, we 
attempted to make a comparison with some results available from NIRA 
to estimate the influence of this error on the neutron leakage by 
zone. To this end we executed CITATION [13] runs requesting the edit 
options which print neutron balance information, including zone-wise 
leakage (IEDG5 and IEDG6 of card 3, section 001). This option functions 
on the CITATION versions we have used in Italy and at Georgia Tech. 
This option is apparently inoperative on the ORNL X-10 CITATION 
version, since this information was not printed on an output of the 
run for which these edit options were requested. This option is 
valuable for a number of purposes, such as determining the information 
we desired on the influence of diffusion coefficient changes, esti- 
mating effective bucklings, and investigating basic physics differences 
for reactors operating on various alternative fuel cycle. Therefore, 
we feel that this option should be checked, and initiated on the X-10 
CITATION version if in fact it is presently inoperative. 
4. Work Planned for Next Quarter 
For the July-September 1978 quarter, our planned activities will 
concentrate on investigations of the models being developed for the 
Proliferation Resistant Large Core Design Study PRLCDS [2], and on the 
influence of new cross section data on performance indices of LMFBRs 
operating on various fuel cycles: 
(1) The first priority work will be: to analyze the characteristics 
of the oxide-fuelled LMFBRs being developed for the PRLCDS, to deter-
mine the significant differences between these designs and the designs 
we have used for our previous studies [1], and to make recommendations 
as to how the PRLCDS results should be incorporated into our future 
studies. This analysis will be performed both by use of reported 
results from the contractors involved in the PRLCDS, and by our own 
calculations of their models, extending our investigations of preliminary 
models which we reported in sections 1. and 2. Partial results available 
for the oxide GE homogeneous models [10] and WARD heterogeneous models 
[11] have been previously mentioned. With the final "data sheets" 
(format prescribed in section J of [2]) for these models which have just 
been received at ORNL, we will be able to perform accurate calculations 
of the parameters of interest for these models. We plan to use some of 
the comparison techniques used by HEDL in their "cross-cutting physics 
analysis" [14] for these studies. 
(2) Influence of Cross Section Changes. 
Our calculations have been performed with ENDF/B-IV nuclear data, 
which was also prescribed for the PRLCDS [2]. Many recent investigations 
indicate that for this data base the Th232 capture cross section is too 
high, [15-17], the U-233 o f is too low over a wide energy range [18], 
and that other changes are in order. These changes have been incorpo-
rated into ENDF/B-V data, which is presently becoming available. In-
vestigations of the influence of these changes have been reported for 
some classes of reactors. HEDL has reported such studies for homo-
geneous LMFBRs [19], and the previously cited WARD report [11] gives 
results for a 20% reduction in Th232 a
c 
for a (U/Th)02 heterogeneous 
design. We will use the same scoping method we described briefly in 
[20] for a limited study performed previously, i.e., we will use the 
differential cross section curves such as those in [15-19] to estimate 
approximate changes to the group cross sections input into CITATION 
for our reactor calculations. We will consider homogeneous and heter-
geneous designs for the reference, transmuter, and denatured classes 
of reactors. 
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